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Research  Summary 


The  most  widespread  conifer  in  western  North 
America,  lodgepole  pine  (Pinus  contorta  Dougl.)  is 
noteworthy  for  its  broad  ecological  amplitude.  In 
the  coastal  region,  it  is  largely  confined  to 
marginal  sites,  and  localized  ecotypes  may  have 
evolved  in  a  variety  of  edaphically  extreme  situa- 
tions. The  wide  distribution  of  the  species  in  the 
Rocky  Mountain-Intermountain  region  — its  prin- 
cipal commerical  range  — is  attributed  primarily 
to  forest  fires,  and  serotinous  cones  are  present 
in  most  stands.  Distribution  appears  to  be  con- 
trolled by  factors  other  than  fire  in  the  southern 
Cascades  and  Sierra  Nevada,  where  the  cones 
open  at  maturity. 

Lodgepole  pine  is  a  small  tree,  and  only  recently 
has  it  been  heavily  utilized  in  its  native  range.  In 
northwestern  Europe,  however,  the  ability  of 
some  seed  sources  to  grow  well  on  poor  sites  and 
in  cold  climates  has  interested  foresters  for  many 
years,  and  the  species  is  now  widely  planted  in 
the  British  Isles  and  Sweden. 

The  oldest  fossils  of  lodgepole  pine  are  several 
million  years  old,  but  there  is  no  evidence  that  the 
species  was  widespread  until  the  late  Pleistocene. 
It  was  an  important  pioneer  following  glacial 
melting,  and  occupied  its  extensive  northern 
range  by  migration  from  the  south  and  possibly 
from  far-northern  refugia. 

Lodgepole  pine  has  been  successfully  crossed 
with  only  two  other  species:  jack  pine  and 
Virginia  pine.  Crossability  with  jack  pine  is 
moderately  high,  and  the  two  species  hybridize 
naturally  in  Canada.  Many  northern  Rocky  Moun- 
tain stands  have  jack  pine-like  characteristics, 
but  the  extent  of  introgression  from  jack  pine  is 
uncertain.  Lodgepole  x  jack  hybrids  are  fertile, 
but  pollen  abortion  is  sometimes  high.  Hybrids  of 
Sierra  Nevada  parentage  have  not  grown  well  in 
most  other  environments. 

Chromosome  number,  amount  of  DNA,  and 
nuclear  size  are  constant  in  the  species.  Most 


races  are  sexually  precocious,  and  some  produce 
pollen  in  enormous  quantities.  Seed  is  produced 
regularly  in  large  amounts,  and  losses  to  cone  and 
seed  predators  are  usually  small.  Germination 
requires  light,  but  not  stratification,  and  has  a 
narrow  range  of  optimum  temperatures.  Much  of 
the  seed  stored  in  serotinous  cones  (up  to  several 
million  per  ha)  retains  its  viability  for  many 
years.  The  winged  seed  is  small,  highly  dispers- 
ible,  and  known  to  travel  distances  of  16  to  18 
kilometers. 

Three  well-differentiated,  interfertile  geo- 
graphic races  have  evolved  in  the  coastal,  Rocky 
Mountain-Intermountain,  and  southern  Cascade- 
Sierra  Nevada  regions.  They  differ  in  tree 
longevity,  dimensions,  form,  and  branchiness; 
needle  size  and  structure;  cone  form,  density, 
orientation,  persistence,  and  serotiny;  the  timing 
of  reproductive  events;  seed  size  and  germination 
behavior;  resin  composition;  and  parasites  and 
predators. 

Many  characteristics  of  lodgepole  pine  make  it 
suitable  for  use  in  genetically  improved,  short- 
rotation  plantations.  Selection  is  relatively  easy 
in  even-aged  natural  stands,  juvenile  growth  of 
most  races  is  rapid,  adequate  seed  production 
begins  early,  vegetative  propagation  is  not  dif- 
ficult, and  selfing  ability  is  low.  Much  of  what  is 
known  about  genetic  diversity  in  the  species  has 
been  learned  from  European  provenance  tests, 
some  of  them  several  decades  old.  These  tests 
have  shown  that  (1)  much  of  the  variation  in 
natural  stands  has  a  genetic  basis,  and  (2) 
characteristics  such  as  mortality  and  growth  rate 
exhibit  large  genotype  x  environment  inter- 
actions when  they  are  compared  across  northern 
Europe.  The  possibilities  of  interprovenance 
hybridization  are  being  explored  in  Britain,  and  a 
Swedish  improvement  program  is  selecting  trees 
in  native  North  American  stands  for  use  in 
Sweden. 
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The  Genetics  of  Lodgepole  Pine 


William  B.  Critchfield1 


Introduction 


Lodgepole  pine  [Pinus  contorta  Dougl.)  is  the 
most  wide-ranging  and  one  of  the  most  variable  of 
the  American  pines,  with  an  elevational  distribu- 
tion —  from  sea  level  to  timberline  —  that  brackets 
the  entire  range  of  tree  growth  in  western  North 
America.  It  is  a  major  forest  resource  throughout 
much  of  the  interior  West:  forests  dominated  by 
this  species  cover  about  15  million  acres  (6  million 
ha)  in  the  United  States  and  nearly  50  million 
acres  (20  million  ha)  in  Canada.  Lodgepole  pine  is 
a  small  tree  compared  with  most  of  its  associates, 
and  until  the  past  two  decades  its  wood  was  utilized 
less  than  that  of  any  other  western  timber 
species.  Increased  interest  in  the  species  as  a 
timber  tree  is  reflected  in  a  recent  symposium 
summarizing  current  knowledge  of  the  growth, 
ecology,  and  management  of  lodgepole  pine  in  its 
native  habitats  (Baumgartner  1975). 

The  genetic  makeup  and  improvement  of  lodge- 
pole pine  have  not  received  much  attention  in 
North  America  until  the  past  decade.  Outside  its 
native  range,  the  ability  of  some  strains  to  grow 
well  on  poor  sites  and  in  cold  climates  has  in- 
terested foresters  in  northern  Europe  for  more 
than  50  years,  and  lodgepole  pine  is  now  widely 
planted  in  parts  of  Britain,  Ireland,  and  Scan- 
dinavia. Much  of  the  available  information  about 
the  genetic  diversity  of  the  species  comes  from 
provenance  investigations  in  northern  Europe 
and  elsewhere.  The  early  results  of  this  research 
were  summarized  by  Edwards  (1954,  1955). 

This  paper  emphasizes  what  has  been  learned 
in  the  past  two  decades  about  the  reproductive 
biology  and  genetics  of  lodgepole  pine.  Unpub- 
lished sources  have  been  heavily  utilized,  in- 
cluding data  of  the  Institute  of  Forest  Genetics 
(IFG)  at  Placerville,  Calif. 


'Geneticist,  Pacific  Southwest  Forest  and  Range  Experi- 
ment Station,  U.S.  Department  of  Agriculture,  Forest  Service, 
Berkeley,  Calif. 


Natural  Distribution  and  Habitat 

Lodgepole  pine  is  notable  for  its  unusually 
wide  ecological  amplitude,  both  climatic  and 
edaphic.  The  latitudinal  range  of  the  species,  from 
about  31  °N  in  Baja  California  to  about  64°  N  in 
the  Yukon  (fig.  1),  is  exceeded  among  other  pines 
only  by  P.  sylvestris.  No  other  pine  matches  it  in 
elevational  range.  At  many  places  along  the  Pa- 
cific coast,  it  approaches  sea  level,  and  in  the 
southern  Sierra  Nevada  it  reaches  its  upper  limit 
at  12,000  feet  (3,900  mHHowell  1946). 

Within  these  broad  limits,  lodgepole  pine 
grows  in  three  principal  regions:  (1)  the  Pacific 
coast  from  Yakutat  Bay,  Alaska,  to  northern 
California,  including  the  entire  region  west  of  the 
Coast  Mountains  of  Alaska  and  British  Columbia, 
the  northern  Cascade  Range,  and  the  Coast 
Ranges  of  southern  Oregon  and  northern  Califor- 
nia; (2)  the  mountain  chain  comprising  the 
Cascade  Range,  Sierra  Nevada,  and  the  high 
mountains  of  southern  California  and  northern 
Baja  California;  and  (3)  the  Intermountain  region 
and  Rocky  Mountain  system  from  the  central 
Yukon  to  eastern  Oregon  and  southern  Colorado, 
with  eastern  outliers  from  the  Caribou  Mountains 
of  northern  Alberta  to  the  Black  Hills  of  South 
Dakota. 

In  the  coastal  region,  where  the  species  is 
sometimes  called  shore  pine,  it  occupies  a  variety 
of  extreme  habitats  that  are  all  unfavorable  for 
the  growth  of  possible  competitors.  In  the  far 
north,  bogs  and  muskegs  are  its  principal  habitat 
(Wood  1955).  Farther  south  it  grows  on  cliffs,  sand 
dunes,  and  rocky  sites.  Inland  from  the  immediate 
coast,  it  extends  up  to  elevations  of  5,000  feet 
(1,500  m)  on  southern  Vancouver  Island  (Garman 
1973).  It  grows  on  serpentine  soils  in  the  San  Juan 
Islands,  and  on  excessively  drained,  nutrient-poor 
glacial  drift  in  the  Puget  Sound  region  (Franklin 
and  Dyrness  1973).  In  the  low  coastal  mountains 
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Figure  1.  — Distribution  of  lodgepole  pine  (from  Little  1971). 
Broken  lines  mark  approximate  boundaries  of  coastal, 
Sierra-Cascade,  and  Rocky  Mountain-Intermountain  races. 
More  recent  range  extensions  have  been  reported  in  north- 
ern and  northeastern  Alberta  (Achuff  and  La  Roi  1977, 
North  1976),  southwestern  MacKenzie  District  (Scotter 
1974),  the  central  and  western  Yukon  and  northwestern 
British  Columbia  (von  Rudloff  and  Nyland  1979;  E.  Nyland, 
pers.  commun.,  Sept.  and  Nov.  1976,  Nov.  1977).  In  the 
Yukon,  lodgepole  pine  is  now  known  to  extend  as  far  north  as 
64°10'N  on  the  Dempster  Highway  east  of  Dawson,  and 
west  to  138°  50' W  in  the  region  north  of  Kluane  Lake. 


of  northwestern  California,  it  occurs  on  serpen- 
tine and  other  ultramafic  soils;  and  near  its 
southern  coastal  limits,  a  dwarf  form  grows  on 
the  Mendocino  White  Plains  a  few  kilometers  in- 
land from  the  coast.  This  unique  pygmy  forest  has 
"one  of  the  most  acid  soils  known  anywhere,"  an 
extremely  infertile  podzol  with  a  cemented  hard- 
pan,  and  a  pH  of  2.8  to  3.9  (Jenny  and  others  1969). 

Outside  the  coastal  region,  lodgepole  pine  is 
more  generally  distributed.  In  the  Cascade  Moun- 
tains of  Washington  and  Oregon,  it  is  an  impor- 
tant serai  species  in  several  forest  zones  on  the 
drier  eastern  slopes.  Its  status  is  more  permanent 
on  marginal  sites,  including  serpentine  soils  in 
the  Wenatchee  Mountains  (Franklin  and  Dyrness 
1973),  and  both  droughty,  sandy  soils  and  poorly 
drained,  highly  organic  soils  in  the  northwest 
Oregon  Cascades  (Stephens  1966).  East  of  the 
Cascades  in  south-central  Oregon,  lodgepole  pine 
forms  extensive  edaphic  or  topographic/edaphic 
climax  forests  on  the  pumice  deposited  by  Mt. 
Mazama  6,600  years  ago  (Franklin  and  Dyrness 
1973).  Some  of  these  soils  are  poorly  drained  or 
seasonally  wet,  but  on  other  sites  the  dominance 
of  lodgepole  pine  may  be  related  to  the  low- 
temperature  tolerance  of  its  seedlings  compared 
with  those  of  ponderosa  pine,  its  principal  com- 
petitor in  this  region  (Berntsen  1967,  Cochran  and 
Berntsen  1973). 

Lodgepole  pine  is  also  common  at  upper  eleva- 
tions in  the  California  mountains,  but  its 
ecological  status  in  this  region  has  received  little 
study  and  is  poorly  understood  (Rundel  and 
others  1977).  Throughout  a  broad  elevation  range, 
it  is  the  most  common  tree  on  sites  with  shallow 
water  tables,  such  as  meadows,  lakeshores,  and 
stream  benches.  It  also  dominates  the  poorly 
defined  lodgepole  zone,  above  the  red  fir  zone  and 
below  the  subalpine  forest.  In  the  lodgepole  zone, 
it  often  forms  extensive  pure  stands  in  glacially 
scoured  basins,  as  in  the  Yosemite  region.  .The 
species  is  a  minor  component  of  the  Sierra 
Nevada  subalpine  forest,  occasionally  extending 
to  timberline;  and  in  the  high  ranges  of  southern 
California,  it  is  the  primary  constituent  of 
subalpine  forest  (Thorne  1977). 

Most  of  the  commercial  range  of  lodgepole  pine 
is  in  the  Rocky  Mountain-Intermountain  region, 
where  its  wide  distribution  is  attributed  primarily 
to  forest  fires.  Serotinous  cones,  present  in  many 
stands,  provide  a  seed  reserve  released  by  fire. 
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Other  attributes  that  make  the  species  an  aggres- 
sive pioneer  in  this  region  are  the  regular  and 
abundant  production  of  seed  from  an  early  age, 
the  small  size  and  high  dispersal  ability  of  the 
seed,  and  relatively  rapid  juvenile  growth. 

Throughout  the  region,  from  the  Yukon 
(Porsild  1951)  to  the  Blue  Mountains  of  eastern 
Oregon  (Trappe  and  Harris  1958)  and  Colorado 
(Clements  1910),  lodgepole  pine  is  considered  an 
intolerant,  successional  species.  Virtually  all  of 
the  extensive  lodgepole  forests  in  Alberta  are 
believed  to  be  serai  and  of  fire  origin,  with  the 
species  persisting  longest  on  the  wettest  sites 
(such  as  bog  margins)  and  driest  sites  available 
(Horton  1956,  Smithers  1961).  Lodgepole  pine  is 
considered  a  climax  species  in  a  few  of  the  plant 
communities  that  it  dominates,  and  Moir  (1969) 
suggested  that  it  forms  a  narrow  zone  of  climax 
forest  at  elevations  of  8,200  to  9,300  feet  (2,500  to 
2,800  m)  in  the  Front  Range  of  Colorado,  with  a 
successional  role  in  forests  above  and  below  this 
zone.  But  most  of  the  extensive —  and  apparently 
permanent —  stands  of  lodgepole  pine  in  the 
region  are  interpreted  as  prolonged  serai  stages 
(Hoffman  and  Alexander  1976,  Pfister  and 
Daubenmire  1975,  Pfister  and  others  1977).  An 
alternative  interpretation  is  that  lodgepole  pine 
is  able  to  maintain  dominance  indefinitely  on 
many  sites  because  it  has  evolved  a  set  of 
characteristics  that  make  it  (1)  periodically  fire- 
prone  and  (2)  able  to  perpetuate  itself  after  fire 
(Brown  1975). 

The  adaptability  of  lodgepole  pine  to  a  wide 
variety  of  sites  can  be  attributed  partly  to 
characteristics  of  its  leaves  and  root  system. 
Seedlings  from  eastern  Oregon  had  a  moderate  to 
high  transpiration  rate,  but  water  loss  was  closely 
controlled  (Lopushinsky  1975).  The  stomata  closed 
at  a  relatively  high  level  of  water  availability,  and 
at  night  they  closed  completely.  Sierra  Nevada 
lodgepole  pine  also  exhibits  remarkable  control  of 
its  internal  water  balance  over  a  wide  range  of 
soil  moisture  conditions  (Rundel  and  others  1977). 
Oregon-coast  seedlings  were  much  less  sensitive 
to  depth  of  water  table  (Minore  1970)  or  prolonged 
flooding  (Minore  1968)  than  seedlings  of. 
associated  conifers,  and  the  shoot  growth  of 
Washington-coast  seedlings  was  much  less  re- 
duced by  prolonged  flooding  than  that  of  P. 
sylvestris  seedlings  (Vester  and  Crawford  1978). 
The  roots  of  lodgepole  seedlings  grew  better  than 


Sitka  spruce  at  low  oxygen  concentrations 
(Macaulay  Institute  1969),  and  could  be  gradually 
induced  to  grow  into  soil  devoid  of  oxygen 
(Forestry  Commission  1975).  Under  these  condi- 
tions, cavities  developed  in  the  stele  of  the 
adapted  roots,  and  oxygen  may  have  been  trans- 
ported internally  from  aerated  parts  of  the  plant. 

Taxonomy  and  Evolution 

P.  contorta  has  been  subdivided  into  as  many 
as  four  species  in  the  past  (Critchfield  1957), 
reflecting  the  conspicuous,  geographically 
ordered  variation  in  what  is  now  usually  accepted 
as  a  single  species.  This  variable  entity  has  been 
classified  in  three  ways: 

(DA  single  species  with  no  infraspecific 

categories  (e.g.,  Little  1953). 

(2)  Coastal  and  inland  forms  recognized  as 
separate  varieties  (contorta  and  latifolia  or 
murrayana)  or  species  (P.  contorta,  P.  mur- 
rayana)  (e.g.,  Munz  1959). 

(3)  Coastal,  Mendocino  White  Plains,  Sierra- 
Cascade,  and  Rocky  Mountain-Intermountain 
forms  recognized  as  separate  taxa  of  varying 
rank  (species,  subspecies,  or  varieties). 

In  a  classification  based  mostly  on  leaf  and  cone 
characteristics  of  natural  populations,  Critchfield 
(1957)  followed  the  last  approach: 

P.  contorta  ssp.  contorta:  Pacific  Coast 

P.  contorta  ssp.  bolanderi:  Mendocino  White 

Plains 

P.    contorta   ssp.   murrayana:  Southern 

Cascades,    Sierra    Nevada,    mountains  of 

southern  and  Baja  California 

P.  contorta  ssp.  latifolia:  Rocky  Mountain 

and    Intermountain    regions,  northern 

Cascades 

These  taxa  are  referred  to  in  this  paper  as  the 
coastal,  Mendocino  White  Plains,  Sierra-Cascade, 
and  Rocky  Mountain-Intermountain  races.  A 
distinctive  population  growing  on  ultramafic  soils 
in  the  low  coastal  mountains  of  Del  Norte  County, 
in  the  northwestern  corner  of  California,  may  also 
warrant  taxonomic  recognition  (Critchfield  1957). 
It  is  referred  to  here  as  the  Del  Norte  race. 

The  only  close  relative  of  lodgepole  pine  is  jack 
pine  (P.  banksiana),  which  ranges  from  the  Atlan- 
tic coast  nearly  to  the  Arctic  Circle  in  the  Mac- 
kenzie District  of  Canada.  Lodgepole  and  jack 
pines   are   morphologically   similar,  hybridize 
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where  they  overlap  in  western  Canada,  can  be 
artificially  crossed  with  ease,  and  produce  fertile 
Fj  and  later-generation  hybrids.  Despite  these 
indications  of  a  close  relationship,  their  status  as 
distinct  species  has  seldom  been  challenged.  An 
exception  is  Boivin's  (1966)  lumping  of  the  two  as 
a  single  species,  a  classification  that  has  not  been 
widely  accepted. 

P.  contorta  and  P.  banksiana,  together  with  P. 
virginiana  and  P.  clausa  of  southeastern  North 
America,  were  placed  by  Duffield  (1952)  in  his 
group  XIII,  later  named  subsection  Contortae  by 
Little  and  Critchfield  (1969).  The  species  compris- 
ing Contortae  have  all  been  linked  directly  or  in- 
directly by  hybridization.  Like  the  two  northern 
species,  P.  virginiana  and  P.  clausa  cross  readily 
(Critchfield  1963).  The  first  verified  hybrids 
between  the  northern  and  southern  species  in 
Contortae  were  produced  at  Placerville  only 
recently  (unpublished  data,  IFG).  Crosses 
between  P.  contorta  and  P.  virginiana  produced 
chlorotic,  dwarfish  offspring,  perhaps  indicating  a. 
remote  relationship  between  the  parent  species. 

P.  contorta  and  P.  banksiana  have  a  Eurasian 
analog  in  P.  sylvestris  of  subsection  Sylvestres. 
The  most  widely  distributed  and  northerly  of 
pines,  P.  sylvestris  shares  several  features  with 
the  northern  Contortae:  short  needles  in  pairs, 
small  cones  and  seeds,  and  distributions  that  are 
mostly  or  entirely  in  regions  that  were  periodi- 
cally covered  by  ice  during  the  Pleistocene.  These 
similarities  led  Clausen  (1963)  to  group  these 
three  pines  in  a  cenospecies  "representing  a 
single  large  gene  pool."  He  later  (1968)  expanded 
the  group  to  include  other  Eurasian  members  of 
Sylvestres. 

The  facts  of  pine  morphology,  cytology,  and 
crossability  do  not  support  Clausen's  grouping, 
and  the  fossil  record  provides  no  convincing  links 
between  the  northern  Contortae  and  the  Eura- 
sian species  of  Sylvestres.  The  latter  group, 
despite  its  large  size,  is  morphologically  coherent, 
its  karyotype  is  unique  in  the  genus,  and  none  of 
its  members  has  been  hybridized  with  any  other 
pine  (Wright  and  Gabriel  1958).  The  Sylvestres 
pines  all  have  two  pairs  of  heterobrachial  chromo- 
somes, whereas  all  other  pines  studied  have  only 
a  single  pair  (Saylor  1964). 

A  few  authentic  hybrids  have  been  produced 
between  P.  clausa  of  subsection  Contortae  and  P. 
elliottii  of  subsection  Australes   (Saylor  and 


Koenig  1967),  a  large  group  that  includes  most  of 
the  pines  of  southeastern  North  America.  This 
slender  link  suggests  that  Australes,  among 
extant  pine  lineages,  is  most  closely  related  to 
Contortae. 

Fossil  History 

Macrofossils  of  P.  contorta  are  remarkably  few, 
although  the  species  often  grows  in  habitats 
(bogs,  lakeshores)  that  are  over-represented  in 
the  fossil  record.  The  best  known  Tertiary  macro- 
fossil  attributed  to  this  lineage  is  a  cone  of  P. 
premurrayana  from  the  Yellowstone  region 
(Knowlton  1899).  It  cannot  be  dated  with  any  con- 
fidence (H.  D.  MacGinitie,  pers.  commun.,  June 
1973),  and  does  not  closely  resemble  the  cone  of  P. 
contorta  or  any  other  extant  pine.  Seeds  and  a 
cone  fragment  in  the  upper  Eocene  Bull  Run  flora 
of  northern  Nevada  may  possibly  represent  a 
lineage  ancestral  to  P.  contorta  (D.  I.  Axelrod, 
pers.  commun.,  Feb.  1972). 

The  species  makes  its  first  unequivocal  appear- 
ance in  the  fossil  record  as  a  constituent  of  the 
conifer-rich  forests  that  extended  from  the 
Pacific  Northwest  to  Alaska  in  the  late  Tertiary. 
It  is  represented  by  a  single  cone  in  the  late 
Miocene  Faraday  flora  near  Portland,  Oregon 
(J.  A.  Wolfe,  pers.  commun.,  Nov.  1971).  Pollen 
closely  resembling  that  of  native  P.  contorta  is 
abundant  in  the  late  Miocene/early  Pliocene 
Skonun  flora  of  the  Queen  Charlotte  Islands 
(Martin  and  Rouse  1966).  Pollen  of  the  Diploxylon 
(=  subgenus  Pinus)  type  is  also  represented  in 
the  Pliocene  Lava  Camp  Mine  flora  on  the  Seward 
Peninsula  of  western  Alaska  (Hopkins  and  others 
1971).  If  the  tentative  identification  of  this  pollen 
as  P.  contorta  is  correct,  this  is  the  only  fossil 
occurrence  of  the  species  far  outside  its  present 
range.  The  nearest  stands  today  are  in  west- 
central  Yukon,  nearly  700  miles  (1,300  km)  to  the 
east.  Another  Pliocene  flora,  Alvord  Creek  in 
eastern  Oregon,  includes  a  seed  (P.  alvordensis) 
that  somewhat  resembles  a  seed  of  P.  contorta 
(Axelrod  1944). 

During  the  Pleistocene,  abundant  cones  of 
unknown  age  were  deposited  along  the  Oregon 
coast  (J.  A.  Wolfe,  pers.  commun.,  Oct.  1971),  and 
pollen  identified  as  P.  murrayana  is  plentiful  in 
several  early  Pleistocene  floras  in  and  near  the 
southern  Sierra  Nevada  (Axelrod  and  Ting  1961). 
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In  the  last  interglacial  interval  of  the  Pleistocene, 
P.  contorta  may  have  extended  60  to  250  miles 
(100  to  400  km)  beyond  its  present  northern 
limits.  Considerable  pine  pollen  is  present  in  pre- 
Wisconsin  deposits  in  eastern  Alaska  (Matthews 
1970)  and  the  northern  Yukon  (Lichti-Federovich 
1974),  and  P.  contorta  is  the  only  pine  in  this 
region  today. 

Not  until  late  Pleistocene  and  postglacial  times 
is  there  much  evidence  that  P.  contorta  was 
widespread  and  abundant.  In  these  recent 
deposits  it  is  chiefly  represented  by  pollen.  Iden- 
tification of  pine  species  by  pollen  characteristics 
is  often  questionable  (Mack  1971);  but  where  P. 
contorta  is  the  only  pine  present,  its  identity  can 
be  inferred  with  more  certainty. 

By  the  end  of  the  Pleistocene,  P.  contorta  is 
thought  to  have  been  widespread  south  of  the  ice 
in  western  North  America,  and  this  must  have 
been  one  of  the  principal  bases  from  which  it  reoc- 
cupied  its  northern  range.  The  older  pollen 
studies  of  Hansen  (bibliography  in  Hansen  1967) 
and  more  recent  work  of  Heusser  (1965,  1973)  and 
Mathewes  (1973)  established  that  a  pine  identified 
as  P.  contorta  commonly  initiated  forest  succes- 
sion on  glaciated  terrain  throughout  the  Pacific 
Northwest,  and  was  gradually  replaced  in  early 
postglacial  time  by  the  conifers  that  still 
dominate  the  forests  of  the  region.  This  view  of 
postglacial  succession  in  the  Pacifc  Northwest 
was  challenged  by  Mack  and  others  (1976),  who 
found  no  indication  that  P.  contorta  was  a  signifi- 
cant element  of  early  postglacial  vegetation  at  an 
eastern  Washington  site  earlier  studied  by 
Hansen.  However,  the  presence  of  P.  contorta 
needles  in  early  postglacial  lake  sediments  con- 
firms that  this  species  pioneered  forest  succes- 
sion in  the  Fraser  River  lowland  within  a  few  hun- 
dred years  after  the  retreat  of  the  ice  (Mathewes 
1973),  and  it  probably  played  a  similar  role  at 
other  sites  west  of  the  Cascades. 

P.  contorta  was  also  an  early  dominant  in 
postglacial  forest  succession  in  the  Rocky  Moun- 
tain region.  It  is  abundantly  represented  by 


pollen  in  deposits  in  southeastern  Idaho  (Bright 
1966),  the  Yellowstone  region  (Baker  1970,  Wad- 
dington  and  Wright  1974),  and  northern  Idaho 
and  Montana  (Heusser  1969),  and  its  identity  is 
confirmed  by  fossil  needles  in  the  Yellowstone 
region  (Baker  1976). 

Other  refugia  from  which  P.  contorta  may  have 
recolonized  its  northern  range  at  the  end  of  the 
Pleistocene  include:  (1)  unglaciated  parts  of  the 
Yukon,  (2)  ice-free  areas  east  of  the  Canadian 
Rocky  Mountains,  between  the  Cordilleran  and 
Laurentide  ice  sheets,  and  (3)  the  north  Pacific 
coast.  If  the  species  survived  the  last  glaciation  in 
one  or  more  northern  refugia,  the  genetic  struc- 
ture of  present-day  northern  populations  may 
still  reflect  the  intermingling  of  several  isolated 
and  possibly  differentiated  strains. 

The  evidence  for  northern  refugia  is  incon- 
clusive. Contemporary  populations  in  and  near 
unglaciated  portions  of  the  Yukon  are  distinc- 
tively different  in  needle-resin  composition  and  a 
high  incidence  of  three-needled  fascicles  (von 
Rudloff  and  Nyland  1979),  but  there  is  no  pollen 
evidence  supporting  Hulten's  (1937)  suggestion  of 
a  Yukon  refugium.  Only  trace  amounts  of  pine 
pollen  are  present  in  late-glacial  and  postglacial 
sediments  at  sites  about  60  miles  (100  km)  north 
and  west  of  the  species  limits  (Terasmae  1973, 
Rampton  1971),  and  pine  did  not  reach  the  Atlin 
region,  just  south  of  the  Yukon  border,  until  4,200 
to  2,000  years  ago  (Anderson  1970).  The  existence 
of  an  ice-free  corridor  east  of  the  Rocky  Moun- 
tains is  debated  by  geologists  (Hopkins  1967, 
Reeves  1973,  Stelck  1967),  and  the  pollen  record 
indicates  that  pine  (P.  contorta  or  P.  banksiana) 
did  not  reach  east-central  Alberta  until  7,500 
years  ago  (Ritchie  1976).  Pines  were  early  in- 
vaders of  deglaciated  ground  on  the  northern 
Pacific  coast,  and  grew  near  Juneau,  Alaska,  more 
than  10,000  years  ago  (Heusser  1965),  but  the 
origin  of  these  populations  is  unknown.  Geologi- 
cal evidence  provides  little  support  for  the  exis- 
tence of  unglaciated  enclaves  in  this  region  dur- 
ing the  late  Pleistocene. 
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Sexual  Reproduction 


Reproductive  Development 

Lodgepole  pine  is  more  sexually  precocious 
than  most  other  pines.  Righter  (1939)  reported  a 
minimum  age  of  4  years  for  male  and  female 
strobilus  production  on  trees  growing  at  Placer- 
ville,  California.  Extreme  precocity  was  recently 
observed  in  the  same  environment.  Lodgepole 
seedlings  produced  male  strobili  and  functional 
pollen  at  less  than  1  year,  and  lodgepole  x  jack 
pine  hybrid  derivatives  of  the  same  age  produced 
female  strobili  with  functional  ovules  (Johnson 
and  Critchfield  1979). 

Open-grown  lodgepole  pines  in  Colorado  occa- 
sionally produce  cones  at  5  years,  but  usually 
even  open-grown  trees  do  not  begin  to  produce 
cones  until  they  are  about  15  years  old  (Clements 
1910).  Cone-bearing  may  begin  earlier  farther 
north:  open-grown  trees  in  the  northern  Rocky 
Mountains  commonly  produce  cones  at  5  years 
(J.  E.  Lotan,  pers.  commun.,  Aug.  1978).  In 
Alberta,  cone  production  was  general  in  a 
moderately  dense  subalpine  stand  (7,000  stems 
per  acre)  when  the  trees  were  about  12  years  old 
and  7  feet  (2  m)  tall,  but  even  much  smaller  and 
younger  trees  bore  occasional  cones  (Crossley 
1956a).  In  Britain,  some  coastal  provenances  (Lulu 
Island  near  Vancouver,  British  Columbia,  and 
southeastern  Vancouver  Island)  produce  abun- 
dant male  and  female  strobili  at  5  or  6  years  (R. 
Lines,  pers.  commun.,  June  1978).  In  a  plantation 
at  Placerville  made  up  of  the  geographic  origins 
described  by  Critchfield  (1957),  80  percent  of  all 
coastal  trees  were  flowering  by  the  age  of  6,  and 
many  had  begun  1  or  2  years  earlier. 

Unlike  many  pines,  lodgepole  pine  does  not 
regularly  first  produce  female  strobili  when  it 
reaches  reproductive  age.  In  the  same  plantation 
at  Placerville,  6-year-old  trees  producing  both 
kinds  of  strobili  were  about  equal  in  number  to 
trees  with  only  female  strobili,  and  a  few  produced 
only  males.  But  among  47  trees  of  all  sources  that 
began  to  flower  in  the  next  3  years,  24  produced 
only  male  strobili  in  their  first  season,  20  produced 
only  females,  and  3  produced  both  (unpublished 
data,  IFG). 

Both  kinds  of  strobili  are  initiated  the  season 
before  they  emerge  from  the  bud.  In  shore  pine 
on  Vancouver  Island,  development  of  the  male 
strobilus  and  its  bud  scales  began  in  July  and  early 
August  (Owens  and  Molder  1975).  By  the  end  of 


the  growing  season,  microspore  mother  cells  had 
developed  from  the  sporogenous  tissue  of  the 
microsporangia  (pollen  sacs).  Female  strobili, 
more  distally  located  on  the  embryonic  shoots, 
developed  later  in  the  season.  Bud-scale  primor- 
dia  were  laid  down  by  the  end  of  September;  and 
by  the  time  development  ceased,  about  half  of  the 
ovuliferous  scales  had  been  initiated.  In  trees  of 
an  interior  provenance  growing  in  the  same  envi- 
ronment, these  developmental  events  took  place 
earlier,  dormancy  was  earlier,  and  the  initiation 
of  ovuliferous  scales  was  nearly  complete  before 
dormancy. 

The  initiation  of  female  strobili  is  influenced  by 
hormones,  daylength,  and  temperature.  Gibberel- 
lins  applied  in  combination  to  4-  to  7-year-old 
seedlings  and  grafts  in  Canada  significantly  in- 
creased the  proportion  of  trees  producing  female 
cones,  but  failed  to  induce  male  cones  (Pharis  and 
others  1975,  Wheeler  1979).  In  Britain,  trees 
grown  out-of-doors  in  containers  produced  more 
female  cones  in  short  days  than  in  natural 
daylengths,  but  in  the  greenhouse  no  cones  were 
produced  in  short  days  (Longman  1961). 

The  onset  of  meiosis  in  male  strobili  of  trees 
growing  near  Stockholm,  Sweden,  was  related  to 
climate  at  the  place  of  origin,  beginning  4  to  5 
days  earlier  in  trees  from  higher  latitudes  and 
altitudes  (Ekberg  and  others  1972).  The  duration 
of  meiosis,  from  mostly  pachytene-diplotene  to 
mostly  tetrads,  was  3  to  5  days  in  trees  of  all 
sources.  Meiosis  was  more  prolonged  in  south- 
coastal  British  Columbia:  8  to  10  days  elapsed  be- 
tween pachytene  and  tetrad  stages  (Ho  and 
Owens  1974).  Some  shore  pines  at  Placerville  had 
the  most  extended  period  of  meiotic  activity 
observed  in  any  pine:  22  days  (Saylor  and  Smith 
1966).  On  these  trees,  pollen  mother  cells  were 
dividing  at  the  same  time  pollen  was  being  shed. 
Within  clusters  of  male  cones,  meiosis  begins  first 
in  the  proximal  cones,  and  within  single  cones, 
meiosis  proceeds  from  base  to  tip  (Ho  and  Owens 
1974). 

Soon  after  meiosis  ends,  the  development  of 
pollen  grains  begins  with  the  initiation  of  wings 
(sacci)  (Ho  and  Owens  1974).  In  British  Columbia, 
three  mitotic  divisions  took  place  within  about  1 
week,  and  the  pollen  grains  were  mature  about  1 
week  before  shedding.  At  this  stage,  the  male 
gametophyte  consists  of  generative,  tube,  and 
two  prothallial  cells.  In  culture,  lodgepole  pine 
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pollen  germinated  and  completed  its  develop- 
ment in  about  1  week  (Ho  and  Sziklai  1971),  a  proc- 
ess that  takes  a  year  in  nature.  The  fully 
developed  male  gametophyte  consisted  of  six 
cells,  nuclei,  or  cell  remnants,  including  two  male 
nuclei  that  were  either  equal  or  unequal  in  size. 

Pollen-shedding  took  place  4  to  5  weeks  after 
meiosis  in  coastal  and  interior  trees  growing  in 
coastal  British  Columbia  (Ho  and  Owens  1974). 
This  interval  was  shorter  in  the  warmer  climate 
of  Placerville,  averaging  about  3  weeks  in  a  large 
number  of  lodgepole  pines  and  hybrids  (unpub- 
lished data,  IFG;  L.  C.  Saylor,  pers.  commun., 
1970). 

Lodgepole  pine  produces  unusually  large 
amounts  of  pollen.  Ho  and  Owens  (1973,  1974> 
estimated  the  following  mean  values  for  the 
pollen  production  of  shore  pines  and  Montana 
trees  growing  in  coastal  British  Columbia: 

Coastal  Interior 


Male  cones  per  shoot 
Bud  scales 

Microsporophylls  per 
male  cone 

Poilen  grains  per 
microsporangium 

Pollen  grains  per  male- 
cone  cluster 


15 
7.8 

137.9 

2.103 

8.9  x  10* 


19.6 
8.3 

93.3 


2,491 


Pollen  production  can  be  estimated  from  these 
data  and  counts  of  male-cone  clusters  produced 
by  young  trees  at  Placerville.  At  9  years,  19  Men- 
docino White  Plains  trees  bore  15,400  clusters  of 
male  strobili  releasing  an  estimated  137  billion 
pollen  grains.  Only  27  billion  grains  were  produced 
by  58  coastal  trees  of  the  same  age.  The  heaviest 
individual  pollen  producer  — a  White  Plains  tree 
about  3  meters  tall -produced  2,370  clusters  and 
an  estimated  21  billion  pollen  grains. 

In  natural  stands,  pollen  is  shed  between  mid- 
May  and  mid-July,  with  coastal  trees  flowering 
first  (table  1).  This  sequence  is  reversed  in  the 
common  environment  of  Placerville,  where  most 
inland  trees  flower  before  coastal  trees  (Duffield 
1953;  unpublished  data,  IFG).  In  a  single  season, 
pollen  shedding  peaked  in  this  sequence: 

Mean  date 

Region  of  origin  Trees  (May) 


10'; 


Rocky  Mountains  (eastern 

B.C.  to  Colo.)  7 
Intermountain  (southern 

B.C.  to  eastern  Oreg.)  23 
Sierra  Nevada  and  Baja 

California  14 
Coastal  (southern  B.C.  to 

Mendocino  County,  Calif. >  46 
Mendocino  White  Plains  26 


13 

20 

21 

26 
31 


Table  l.  —  Time  of  pollen  shedding  in  natural  stands  of  lodgepole  pine 


Years 

Date  of  peak 

Locality 

Elevation 

observed 

shedding 

Reference 

Ft  Im) 

Vancouver,  B.C. 

NA1 

2 

Mid-  to  late  May 

Ho  and  Sziklai  1971, 
Ho  and  Owens  1974 

Northwestern  Wash. 

500  (150) 

10 

May  12 

2 

Mendocino  White  Plains,  Calif. 

NA 

1 

June  9 

Duffield  1953 

Northern  Cascades 

4,000  (1,200) 

NA 

Mid-June 

Smith  1968 

Northern  Idaho;  western  Mont. 

NA 

10 

June  13 

3 

Central  and  eastern  Wash,  and  Oreg. 

2,600-4,250 

10 

June  13 

2 

(800-1,300) 

Southeastern  Alberta, 

NA 

NA 

June  22 

Smithers  1961 

"subalpine  forest" 

Sierra  Nevada,  Calif. 

6,000  (1,970) 

3 

June  22 

Duffield  1953 

Central  Mont.;  Yellowstone  region 

NA 

10 

June  25 

3 

Northern  Utah 

7.200  (2,200) 

2 

July  12 

Krebill  1968 

Southern  Idaho 

6,800  (2,070) 

1 

July  7 

Krebill  1968 

'NA:  not  available. 

"TJnpublished  data,  Pac.  Northwest  For.  and  Range  Exp.  Stn.,  Portland,  Oreg. 
3Unpublished  data,  Intermt.  For.  and  Range  Exp.  Stn.,  Ogden,  Utah. 
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White  Plains  trees,  from  two  localities  about  9 
miles  (15  km)  apart,  consistently  flowered  later 
than  shore  pines  from  the  nearby  coast.  Differ- 
ences in  peak  pollen  shedding  and  receptivity  of 
female  strobili  averaged  7  days  in  a  3-year  period, 
ranging  from  3.7  to  8.9  days. 

Jack  pine  sheds  its  pollen  earlier  than  lodge- 
pole  pine,  and  their  hybrids  are  intermediate  in 
timing  (Duffield  1953,  Zavarin  and  others  1969).  In 
Alberta,  jack  pines  and  a  putative  natural  hybrid 
were  shedding  pollen  on  June  2,  before  lodgepole 
pines  in  the  vicinity  had  begun  (Moss  1949).  At 
Placerville,  pollen  shedding  followed  this  se- 
quence in  one  season: 

Date 

Jack  pine  and  offspring  of 

natural  hybrids  April  5-12 

Backcrosses  of  artificial 

hybrids  to  jack  pine  April  4-24 

Artificial  hybrids  (F,  to  F3)  April  12-27 

Lodgepole  pine  (many  sources)     April  21 -May  12 

The  female  strobili  occur  in  subterminal  or 
lateral  whorls,  with  one  to  five  strobili  per  whorl 
(Black  1961).  When  both  lateral  and  subterminal 
strobili  are  present  on  the  same  shoot,  the  more 
proximal  lateral  strobili  sometimes  develop  2  to  3 
days  before  subterminal  strobili  (unpublished 
data,  IFG). 

Coastal  and  Mendocino  White  Plains  trees  at 
Placerville  tend  to  be  protogynous,  although  in- 
dividual trees  may  be  synchronous  or  protan- 
drous.  In  a  3-year  period,  peak  female  receptivity 
in  these  two  races  preceded  peak  pollen  shedding 
by  a  mean  of  6.1  days  (range  2.3  to  11.2  days).  Less 
complete  data  for  interior  sources  in  the  same 
years  suggest  that  protogyny  is  not  a  universal 
tendency  in  lodgepole  pine.  In  different  years, 
female  flowering  peaked  8.5  days  earlier,  pollen 
shedding  peaked  3.8  days  earlier,  and  the  two 
peaks  nearly  coincided. 

The  relative  distribution  of  male  and  female 
strobili  within  the  crown  was  studied  in  isolated 
trees  and  trees  in  dense  stands  at  3,300  to  4,900 
feet  (1,000  to  1,500  m)  in  the  Cascade  Mountains  of 
British  Columbia  (C.  C.  Smith,  pers.  commun., 
Sept.  1976).  Females  were  sometimes  restricted 
to  the  upper  crown,  but  in  most  trees —  especially 
isolated  ones  — they  were  present  through  much 
of  the  crown.  In  all  trees,  the  median  height  of 
female  strobili  was  in  the  upper  third  of  the 
crown.  Male  strobili  were  more  variable  in  distri- 
bution, with  a  greater  tendency  to  occur  through- 


out the  crown.  In  most  trees,  the  median  height  of 
males  was  about  a  third  of  the  distance  from  the 
base  to  the  top  of  the  crown;  but  in  a  few,  the 
males  were  concentrated  in  the  upper  half  of  the 
crown. 

From  counts  of  strobili  and  measures  of  caloric 
values  of  mature  male  and  female  cones,  Smith 
estimated  the  relative  energy  invested  in  male 
and  female  reproductive  structures.  The  ratio  of 
female  to  male  energy  investment  ranged  from 
16.4  for  trees  in  a  recently  thinned  stand  to  0.5  for 
isolated  trees.  In  dense  stands  of  varying  age, 
these  values  tended  to  approach  unity,  ranging 
from  1.2  to  2.1.  The  estimated  gametophytic  sex 
ratio  was  5.5  x  106:  for  each  potentially  func- 
tional female  gametophyte,  lodgepole  pine  pro- 
duced 5.5  million  pollen  grains  (C.  C.  Smith,  pers. 
commun.,  Sept.  1976). 

Coastal  and  Mendocino  White  Plains  trees  at 
Placerville  differ  not  only  in  the  absolute  quantity 
of  pollen  produced,  but  in  the  relative  investment 
in  the  sexes.  In  coastal  trees,  the  ratio  between 
number  of  male-cone  clusters  and  number  of 
female  strobili  was  0.7,  0.9,  and  1.6  at  ages  7,  8  and 
9.  White  Plains  trees  had  ratios  of  4.9,  9.8,  and 
21.4.  This  difference  was  a  general  property  of 
the  two  races:  at  age  9,  14  of  19  White  Plains 
trees,  but  only  4  of  58  coastal  trees,  produced 
more  than  200  clusters  of  male  strobili.  This 
heavy  investment  in  pollen  production  is  also 
characteristic  of  older  White  Plains  trees  grow- 
ing in  nature.  From  Westman  and  Whittaker's 
(1975)  estimates  of  reproductive  biomass  and  Ho 
and  Owens'  (1974)  counts  of  male  cones  per 
cluster,  the  average  ratio  between  numbers  of 
male-cone  clusters  and  individual  female  strobili 
can  be  estimated  at  22.6  in  trees  15  to  92  years 
old. 

Fertilization  takes  place  a  year  or  more  after 
pollination,  in  June  (Chamberlain  1935)  or  July 
(Buchholz  1945).  In  a  lodgepole  pine  growing  at 
1,740  meters  in  the  Sierra  Nevada,  fertilization 
took  place  between  July  10  and  12  in  strobili 
pollinated  on  June  29  and  July  1  of  the  year 
before  (Buchholz  1945;  unpublished  data,  IFG). 
The  apical  meristem  and  cotyledon  primordia  of 
the  embryo  differentiated  in  mid-August,  and  the 
embryo  reached  nearly  full  size  about  a  month 
before  seed  shed. 

In  the  far  north,  embryo  development  may  be 
adversely  affected  by  climate.  As  much  as  a  third 
of  the  seeds  from  trees  in  the  Yukon  had  small, 
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poorly  developed  embryos —  much  higher  levels 
than  trees  in  southern  British  Columbia  (0. 
Sziklai,  pers.  commun.,  Oct.  1975),  and  germina- 
tion of  IUFRO  (International  Union  of  Forest 
Research  Organizations)  seed  lots  from  the 
Yukon  was  mostly  less  than  50  percent  (R.  Lines, 
pers.  commun.,  June  1978). 

Abnormal  reproductive  structures  are  fairly 
common  in  lodgepole  pine,  and  have  been  noted 
more  often  on  trees  from  interior  sources  than  on 
coastal  trees  in  Britain  (Black  1961),  British 
Columbia  (Ho  and  Owens  1974),  and  at  Placerville 
(unpublished  data,  IFG).  Female  strobili  may 
replace  all  or  part  of  the  male  strobili  in  a  cluster 
(Black  1961;  unpublished  data,  IFG),  and  male 
strobili  occasionally  replace  female  strobili  (un- 
published data,  IFG).  Rarely,  male  strobili  replace 
terminal  buds  (Black  1961,  Ho  and  Owens  1973). 
Bisexual  cones  may  have  male  appendages  at  the 
base  and  female  above  (Black  1961)  or  the  reverse 
arrangement  (unpublished  data,  IFG).  Other 
reproductive  deviations  are  microsporophylls 
with  1,  3,  and  4  microsporangia,  and  pollen  grains 
with  3  to  5  wings  (Ho  and  Owens  1974). 

Cone  and  Seed  Production 

Although  the  retention  of  seed  in  serotinous 
cones  is  a  distinctive  feature  of  some  races  of 
lodgepole  pine,  even  stands  with  the  highest  fre- 
quencies of  closed  cones  produce  some  cones  that 
open  at  maturity.  The  timing  of  cone  opening 
does  not  show  consistent  geographic  trends,  but 
it  is  tardy  and  erratic  in  coastal  stands.  In  north- 
western Washington  at  500  feet  (150  m),  the 
10-year  mean  date  of  cone-opening  was  Septem- 
ber 20  (data  on  file,  Pac.  Northwest  For.  and 
Range  Exp.  Stn.,  Portland,  Oreg.).  In  central  and 
eastern  Oregon  and  Washington  at  2,600  to  4,250 
feet  (800  to  1,300  m),  10-year  means  range  from 
August  31  to  October  1.  The  peak  of  cone-opening 
is  about  September  5  in  northern  Idaho,  Montana, 
and  the  Yellowstone  region,  ranging  from  late 
August  to  the  end  of  October  (data  on  file, 
Intermt.  For.  and  Range  Exp.  Stn.,  Ogden,  Utah). 
At  elevations  of  4,900  to  7,900  feet  (1,500  to 
2,400  m)  in  the  central  Sierra  Nevada,  cones  open 
between  September  20  and  October  20,  peaking 
in  the  first  half  of  October  (unpublished  data, 
IFG).  In  south-central  Oregon,  80  percent  of  the 
seed  was  shed  by  early  November  over  a  15-year 


period  (Dahms  and  Barrett  1975).  Shedding  was 
slightly  later  at  higher  elevations  (Mowat  1960). 
In  the  subalpine  forest  of  Alberta,  seed  shedding 
reached  its  peak  between  the  last  week  in  Sep- 
tember and  the  middle  of  October  in  3  successive 
years,  beginning  in  early  September  and  tapering 
off  as  late  as  November  (Crossley  1955a). 

In  many  stands,  much  of  the  annual  seed  crop 
remains  on  the  trees  in  cones  that  remain  closed 
indefinitely.  Most  mature  trees  have  either  pre- 
dominantly ( >  90  percent)  closed  or  predomi- 
nantly open  cones.  The  frequency  of  trees  with 
mostly  closed  cones  ranges  from  0  to  nearly  100 
percent,  varying  with  stand  and  region.  Most 
coastal  stands  produce  only  open  cones.  Illing- 
worth  (1970)  found  a  single  closed-cone  tree 
among  several  thousand  on  the  coastal  islands  of 
British  Columbia.  Trees  with  closed  cones  were 
more  common  in  small  stands  at  fjord  heads  and 
in  major  river  valleys  cutting  through  the  Coast 
Mountains  of  British  Columbia  and  Alaska.  Illing- 
worth  found  up  to  10  percent  closed-cone  trees  in 
these  stands,  but  along  the  major  valleys  open 
cones  tended  to  predominate  far  inland.  At  the 
head  of  the  Lynn  Canal,  a  fjord  on  the  Alaska 
coast,  stands  with  closed  cones  are  common,  and 
Viereck  and  Little  (1972)  described  them  as  a 
localized  coastward  extension  of  interior  variety 
latifolia.  Closed-cone  trees  are  also  present  at  low 
frequencies  in  some  stands  near  the  head  of  the 
Hood  Canal  in  the  Puget  Sound  region,  Washing- 
ton (B.  C.  Wilson,  pers.  commun.,  Aug.  1977). 
Closed  cones  are  common  in  the  Del  Norte  race  of 
northwestern  California,  isolated  from  open-cone 
populations  to  the  west  and  east.  Closed  cones  are 
also  common  in  the  pygmy  forest  of  the  Men- 
docino White  Plains,  which  is  contiguous  with  the 
open-cone  population  along  the  nearby  coastline. 
On  the  White  Plains,  dwarfed  trees  15  to  92  years 
old  averaged  about  32  percent  closed  cones 
(Westman  and  Whittaker  1975). 

Serotinous  cones  are  unknown  in  the  Sierra 
Nevada  and  the  mountains  of  southern  and  Baja 
California  (Critchfield  1957)  and  in  the  southern 
Cascades  at  least  as  far  north  as  central  Oregon 
(Mowat  1960).  To  the  north  and  east,  trees  with 
closed  cones  increase  in  frequency.  They  are  rare 
in  the  Columbia  River  region  (Critchfield  1957), 
occasional  in  the  mountains  of  eastern  Oregon 
(Trappe  and  Harris  1958)  and  central  Idaho  (Lotan 
1975a),  and  common  at  the  northern  end  of  the 


Cascades  in  southwestern  British  Columbia 
(Smith  1968)  and  in  the  Salmon  River  Mountains 
of  north-central  Idaho  (Lotan  1975a). 

The  frequency  of  closed-cone  trees  in  mature 
stands  is  highly  variable  in  the  Rocky  Mountain- 
Intermountain  region.  East  of  the  Coast  Moun- 
tains, most  stands  in  interior  British  Columbia 
are  predominantly  serotinous,  with  less  than  10 
percent  open-cone  trees  (Illingworth  1970).  This 
percentage  decreases  still  further  in  north- 
eastern British  Columbia  and  the  Yukon.  Open- 
cone  trees  are  more  common  in  the  interior  wet 
belt  of  southeastern  British  Columbia  — 60  to  70 
percent  in  some  stands  (Illingworth  1970)  — and 
are  predominant  across  the  border  at  low  eleva- 
tions in  northeastern  Washington  and  northern 
Idaho  (Lotan  1970,  1975a).  Many  stands  in  north- 
western Wyoming  also  have  a  high  frequency  of 
open-cone  trees  — 100  percent  in  some  localities 
(Lotan  1975a). 

The  frequency  of  closed  cones  increases  with 
tree  age.  In  eastern  Idaho,  Mason  (1915)  esti- 
mated that  five-sixths  of  the  cones  open  at 
maturity  in  stands  less  than  55  years  old,  but  in 
older  stands  only  one-quarter  of  the  cones  open. 
This  age  relationship  was  confirmed  by  Crossley 
(1956a)  in  Alberta  and  Armit  (1964)  in  British 
Columbia,  In  Alberta,  closed-cone  trees  increased 
from  17  percent  in  17-year-old  stands  to  more 
than  80  percent  in  stands  55  years  or  older.  Open- 
cone  trees  correspondingly  decreased  from  66  to 
8  percent,  with  the  remainder  in  the  intermediate 
range.  In  north-central  British  Columbia,  a  small 
sample  of  trees  less  than  25  years  old  included  86 
percent  open-cone  and  no  closed-cone  trees,  but 
88  percent  of  trees  more  than  60  years  old  had 
closed  cones  and  only  4  percent  had  open  cones. 
Rough  estimates  of  the  age  at  which  this  reversal 
takes  place  range  from  17  to  55  years  in  Alberta 
(Crossley  1956a)  and  25  to  60  years  in  British 
Columbia  (Armit  1964)  to  20  to  30  years  in  Mon- 
tana (Lotan  1975a). 

Except  for  tree  age,  the  factors  influencing  the 
occurrence  of  closed  cones  are  obscure.  The  im- 
portance of  stand  fire  history  is  widely  assumed, 
but  supporting  evidence  is  sparse.  Lotan  (1967a) 
found  more  closed-cone  trees  (58  percent)  in  an 
even-aged  stand  on  an  old  burn  than  in  an  all-aged 
stand  on  a  nearby  alluvial  flat  (38  percent).  The 
frequency  of  closed-cone  trees  did  not  appear  to 
be  closely  related  to  habitat  type  in  the  northern 
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Rocky  Mountains  (Lotan  1975a),  but  many  stands 
with  more  than  50  percent  closed-cone  trees  were 
in  Abies  lasiocarpa  habitat  types  of  the  lower 
subalpine  zone.  In  the  Bitterroot  Mountains  of 
Montana,  this  zone  may  be  more  prone  to  high- 
intensity  fires  than  forest  zones  below  or  above  it 
(Arno  1976).  A  general  relationship  between  the 
successional  status  of  lodgepole  pine  and  the  fre- 
quency of  closed  cones  was  suggested  by  Hoffman 
and  Alexander  (1976)  in  their  survey  of  habitat 
types  in  the  Bighorn  Mountains,  Wyoming.  In 
communities  where  lodgepole  pine  was  the  domi- 
nant climax  species,  it  tended  to  have  a  high  pro- 
portion of  open  cones;  but  where  the  species  was 
successional,  closed  cones  were  more  common. 

Cone  serotiny  is  related  to  elevation  in  some 
places  but  not  in  others.  In  Alberta,  Crossley 
(1956a)  found  an  increase  from  45  to  95  percent  in 
the  frequency  of  open-cone  trees  as  elevation  in- 
creased from  4,800  to  5,700  feet  (1,460  to  1,740  m). 
Illingworth  (1970)  also  noted  an  elevational  gra- 
dient in  British  Columbia,  with  open-cone  trees 
sometimes  predominant  in  semi-alpine  stands. 
Critchfield  (1957)  observed  a  corresponding 
decrease  with  elevation  in  the  related  character 
of  cone  density  and  speculated  that  both  charac- 
teristics might  be  related  to  elevation  throughout 
the  Rocky  Mountain  region.  Lotan's  (1975a)  exten- 
sive observations,  however,  established  that  the 
frequency  of  closed-cone  trees  does  not  always 
decrease  with  elevation.  Almost  none  of  the 
variation  in  parts  of  western  Montana  was 
related  to  elevation.  In  northwestern  Washing- 
ton, where  a  close  relationship  did  exist,  the  per- 
centage of  trees  with  serotinous  cones  increased 
from  10  to  more  than  80  between  low-  and  high- 
elevation  forest  types. 

In  all  Rocky  Mountain  stands  that  have  been 
looked  at  in  detail,  trees  with  predominantly  closed 
or  open  cones  greatly  outnumber  intermediates 
(trees  with  10  to  90  percent  closed  or  open  cones) 
(table  2).  The  inheritance  of  the  closed-cone  trait 
has  not  been  studied  in  lodgepole  pine,  but  this 
distribution  of  phenotypes  led  Crossley  (1956a), 
Lotan  (1967a),  and  others  to  infer  that  this  trait  is 
highly  heritable.  In  jack  pine,  Rudolph  and  others 
(1959)  concluded,  from  observations  of  17-  and 
18-year-old  wind-pollinated  progenies  of  trees 
with  known  phenotypes,  that  cone  serotiny  is 
under  strong  genetic  control  — probably  by  more 
than  one  gene.  One  problem  in  interpreting  their 


data  is  that  the  frequency  of  closed  cones  in- 
creases with  tree  age  in  jack  pine  (Jameson  1961), 
as  it  does  in  lodgepole  pine,  and  the  trees  they 
studied  may  have  been  too  young  for  the  full 
expression  of  this  trait.  These  and  other  data  on 
jack  pine,  as  well  as  Lotan's  (1967a)  data  on  lodge- 
pole  pine,  were  reinterpreted  by  Teich  (1970)  in 
terms  of  a  single  additive  gene  with  two  alleles. 
Consistently  deficient  numbers  of  intermediates 
(Teich's  heterozygous  class)  were  attributed 
either  to  misclassification  of  phenotypes  or  to  a 
high  level  of  inbreeding.  Large-scale  misclassi- 
fication is  not  supported  by  the  clustering  of  80  to 
90  percent  of  all  trees  at  the  two  extremes  of  ex- 
pression (table  2),  and  the  estimated  degree  of  in- 
breeding is  an  order  of  magnitude  greater  than 
other  estimates  for  pines.  Alternative  genetic 
models  based  on  a  single  gene  with  dominance 
and  variable  expressivity,  or  on  more  than  one 
locus,  are  in  better  agreement  with  the  data. 
However,  the  low  frequency  or  absence  of  closed- 
cone  trees  in  many  stands  established  after  fire 
led  Lotan  (1976)  to  express  doubts  about  a  simple 
genetic  model. 

Although  the  inheritance  of  the  closed-cone 
habit  is  poorly  understood,  differences  between 
natural  populations  tend  to  be  retained  in  the 
common  environment  of  Placerville.  Most  con- 
spicuous is  the  contrast  between  the  serotinous 
Mendocino  White  Plains  race  and  trees  from  a 
nearby  open-cone  coastal  stand.  Recent  cone 
crops  on  all  23-year-old  trees  from  the  White 
Plains  were  serotinous  to  varying  degrees,  but 
the  cones  on  coastal  trees  all  opened  by  the 
spring  following  maturation.  A  few  trees  of  other 
coastal  origins  (Oregon,  Vancouver  Island)  had 
low  or  moderate  numbers  of  closed  cones,  unlike 


their  open-cone  parents  in  nature.  At  this  age, 
Rocky  Mountain  trees  were  beginning  to  segre- 
gate into  two  groups  with  mostly  open  or  mostly 
closed  cones. 

The  scales  of  lodgepole  cones  are  bonded 
together  at  their  tips  by  resin,  and  open-  and 
closed-cone  trees  may  differ  in  the  temperature 
required  to  melt  the  resin.  Serotinous  cones  col- 
lected in  Colorado  required  temperatures  of  45° 
to  50°  C  to  melt  the  resin  and  allow  the  scales  to 
separate  (Clements  1910).  Cameron  (1953)  deter- 
mined that  the  bonded  scales  of  serotinous  lodge- 
pole cones  separated  in  a  water  bath  at  45.3°  C 
and  that  the  extracted  resin  had  a  melting  point 
of  45.5°  C,  compared  with  50°  C  for  jack  pine. 
Armit  (1964)  observed  a  broad  range  of  cone- 
opening  temperatures  in  interior  British  Colum- 
bia, with  most  serotinous  cones  opening  at  45°  to 
47°  C  but  the  cones  of  some  trees  requiring 
temperatures  of  51°  to  54°  C.  Perry  and  Lotan 
(1977)  also  observed  marked  differences  in  a 
14-tree  sample  of  (1)  open-cone,  (2)  intermediate, 
and  (3)  closed-cone  trees  in  Washington,  Idaho, 
and  Montana.  Temperatures  required  for  90  per- 
cent cone  opening  were:  (1)  42°  to  45°  C,  (2)  41°  to 
47°  C,  and  (3)  47°  to  59°  C.  The  range  of 
temperatures  at  which  the  cones  opened  was  also 
highly  variable,  with  some  trees  having  a  fairly 
specific  threshold  and  the  cones  of  others  opening 
through  a  broad  range  of  temperatures.  Old  cones 
opened  at  higher  or  lower  temperatures  than 
newly  matured  cones,  depending  on  the  tree. 

Melting  of  the  bonding  resin  can  be  achieved  by 
a  brief  immersion  in  boiling  water  or,  as  Lotan 
(1975a)  recommended,  a  5-  to  10-minute  immer- 
sion in  hot  water  (60°  C).  Once  the  seal  is  broken, 
the  scales  separate  and  release  the  seed  after  a 


Table  2.  — Incidence  of  closed-  and  open-cone  trees  in  mature  stands  of  lodgepole  pine 


Location 

Age 

Closed 

Intermediate 

Open 

Reference 

Years 

Percent 

1.  Alberta,  subalpine  zone 

55 

82 

10 

8 

Crossley  1956a 

2.  Same  as  1 

140-250 

83 

17 

0 

Crossley  1956a 

3.  North-central  B.C. 

60-120  + 

88 

8 

4 

Armit  1964 

Southern  Mont: 

4.  Alluvial  flat 

40-230 

38 

14 

48 

Lotan  1967a 

5.  Old  burn  (near  4) 

88 

58 

10 

32 

Lotan  1967a 

Eastern  Idaho: 

6.  6,500  ft 

117 

48 

19 

33 

Lotan  1968 

7.  7,700  ft 

191 

23 

20 

57 

Lotan  1968 
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12-hour  exposure  to  a  drying  temperature  of 
60°  C.  Temperatures  much  higher  than  this 
(66°  C  or  more)  reduce  germination  (Lotan  1975a). 

It  has  not  been  satisfactorily  established  to 
what  extent  serotinous  cones  open  on  the  tree  in 
the  absence  of  fire.  Clements  (1910)  described  two 
periods  of  cone  opening  in  Colorado:  the  first  few 
years  and  10  to  13  years  after  cone  maturation. 
He  suggested  that  the  second  period  was  related 
to  the  drying  of  cones  following  the  rupture  of  the 
vascular  connection  in  the  cone  pedicel.  His  obser- 
vations have  not  been  confirmed  by  later  work  in 
the  northern  Rocky  Mountains,  but  the  discrepan- 
cies could  reflect  regional  differences  in  cone- 
opening  behavior.  Neither  Crossley  (1956a)  nor 
Lotan  (1975a)  observed  Clements'  second  period 
of  cone  opening.  Celements'  suggested  mecha- 
nism is  not  in  agreement  with  Beaufait's  (1960) 
finding  that  serotinous  cones  of  jack  pine  do  not 
receive  moisture  from  the  tree,  but  are  in 
equilibrium  moisture  content  with  the  environ- 
ment. 

From  an  analysis  of  the  entire  cone  comple- 
ment of  individual  trees  in  Alberta,  Crossley 
(1956a)  concluded  that  lodgepole  cones  either 
open  promptly  at  maturity  or  stay  closed  indefi- 
nitely in  the  absence  of  fire.  Armit  (1968),  how- 
ever, observed  an  unusually  heavy  seed  fall  in 
interior  British  Columbia  — up  to  three  times  the 
estimated  current  crop  — after  an  extended 
period  of  unusually  hot  (>  80°  F)  dry  weather  in 
late  summer.  He  attributed  it  to  the  opening  of 
old  cones.  He  considered  80°  F  (26.5°  C)  sufficient 
to  raise  the  cone  surface  temperature  to  51.5°  C 
and  cause  the  resin  seal  to  rupture.  Crossley 
(1956a)  concluded  the  opposite:  that  temperatures 
of  45°  C  or  more  do  not  ordinarily  occur  in  tree 
crowns.  In  a  companion  paper,  however,  Crossley 
(1956b)  observed  that  detached  cones  exposed  to 
direct  sunlight  opened  after  reaching  surface 
temperatures  of  42°  to  47.5°  C.  Ackerman  (1966) 
found  that  old  weathered  cones  on  Alberta  trees 
had  higher  surface  temperatures —  and  opened 
more  often  on  the  tree  — than  young  unweathered 
cones. 

In  regions  where  the  maintenance  of  a  reserve 
seed  supply  in  closed  cones  is  of  overriding  selec- 
tive importance,  lodgepole  pine  has  evolved 
secondary  adaptations  to  minimize  depredations 
by  tree  squirrels  (Tamiasciurus).  The  squirrels 
extract  seed  more  efficiently  from  ripening  cones, 


but  older  serotinous  cones  provide  a  food  supply 
of  last  resort  (Smith  1970).  The  red  squirrel  (T. 
hudsonicus)  is  present  throughout  the  closed-cone 
interior  region.  It  is  better  adapted  to  extracting 
seed  from  serotinous  cones  than  the  Douglas 
squirrel  (T.  douglasii),  which  replaces  it  through 
most  of  the  open-cone  coastal  and  Sierra-Cascade 
regions.  Smith  (1970)  and  Elliott  (1974)  described 
a  variety  of  ways  in  which  closed-cone  trees 
minimize  seed  losses  to  tree  squirrels.  Better 
adapted  cones  occur  in  whorls;  are  flush  with  the 
branch;  are  wider  and  stouter;  and  have  large, 
hard,  basal  apophyses.  They  contain  fewer  seeds 
and  invest  a  high  percentage  of  energy  in  woody 
protective  tissue.  In  the  northern  Cascades  and 
Colorado,  only  1.9  to  2.0  percent  of  total  cone 
energy  is  in  the  seeds,  compared  with  7  to  29  per- 
cent in  non-serotinous  conifers  of  the  same 
regions  (spruce,  fir,  Douglas-fir,  ponderosa  pine). 

Much  of  the  seed  in  serotinous  cones  retains  its 
viability  for  many  years.  Germination  of  seed 
from  old  cones  collected  in  Idaho  and  Colorado 
was  highly  variable  in  Clements'  (1910)  study, 
but  in  a  decade-long,  large-scale  study  in  southern 
Wyoming  and  Colorado,  seed  from  closed  cones  of 
all  ages  averaged  91  to  92  percent  of  fresh-seed 
germination  (Bates  1930).  In  eastern  Oregon,  50  to 
70  percent  of  the  seed  from  15-  and  30-year-old 
cones  was  germinable  (Trappe  and  Harris  1958). 
Montana  seed  from  cones  20  to  36  years  old  had  a 
germinative  capacity  of  40  to  50  percent  (Lotan 
1970).  Seed  from  cones  of  all  ages  in  western 
Alberta  was  more  than  90  percent  germinable 
(Ackerman  1966).  Seed  from  serotinous  cones  col- 
lected in  the  Cypress  Hills  of  Saskatchewan  and 
stored  for  20  years  in  circumstances  simulating 
natural  conditions  was  80  to  92  percent  germi- 
nable (Crossley  1955b).  Clements  (1910)  germi- 
nated a  few  seeds  from  cones  45  and  75  to  80 
years  old,  but  the  record  for  seed  longevity  in 
lodgepole  pine  appears  to  be  three  germinable 
seeds  obtained  from  150-year-old  cones  that  had 
been  overgrown  and  imbedded  in  the  heart  of  a 
182-year-old  Colorado  tree  (Mills  1915,  p.  223). 

Jack  pine  seed  survives  brief  exposures  to  ex- 
tremely high  temperatures  (Beaufait  1960),  and 
this  finding  may  also  apply  to  lodgepole  pine.  The 
seed  in  serotinous  jack  pine  cones  suffered  no  loss 
in  viability  after  the  cones  were  exposed  to 
700°  F  (371°  C)  for  up  to  2  minutes.  Extracted 
seed    withstood    exposure    to    the  same 
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temperature  for  up  to  10  seconds  without  loss  of 
viability. 

Most  estimates  of  the  number  of  sound  or  ger- 
minable  seeds  in  a  lodgepole  cone  fall  short  of  the 
early  approximations  of  26  and  40  seeds  per  cone 
in  the  southern  Rocky  Mountains  (Mason  1915, 
Bates  1930).  In  the  same  region,  a  10-tree  sample 
averaged  only  20.3  sound  seeds  per  cone,  with  the 
largest  cones  averaging  43  to  46  seeds  (Clements 
1910).  Stand  means  in  southern  Montana  and 
eastern  Idaho  were  10.7  to  21.1  sound  seeds  per 
cone  (Lotan  1967a,  1968).  In  three  western 
Alberta  stands,  the  average  number  of  viable 
seeds  per  cone  was  14.6  to  18.5  (Ackerman  1966). 
In  the  northern  Cascades,  cones  averaged  14.8 
sound  seeds  in  one  season  (Smith  1968),  but  the 
next  year  tree-means  were  15.3  to  44.8  sound 
seeds  per  cone  (Smith  1970).  A  large  number  of 
trees  in  the  central  Sierra  Nevada  had  a  median 
of  16  sound  seeds  per  cone  and  a  range  of  5  to  37 
(unpublished  data,  IFG). 

Estimates  of  the  proportion  of  sound  seed  are 
fairly  consistent  from  region  to  region.  Sierra 
Nevada  seed  averaged  71.6  percent  sound,  with 
tree  means  of  34  to  93  percent.  Seed  caught  in 
traps  at  two  Oregon  sites  averaged  74.7  and  79.3 
percent  sound  (Dahms  and  Barrett  1975).  Sound- 
ness ranged  from  20  to  40  percent  in  poor  seed 
years  to  a  maximum  of  85  to  87  percent  in  good 
years.  In  Colorado  stands  with  differing  frequen- 
cies of  lodgepole  pine,  the  proportion  of  filled 
seeds  increased  from  65  to  88  percent  as  lodge- 
pole pine  increased  in  importance  (C.  C.  Smith, 
pers.  commun.,  Sept.  1976),  but  a  simple  inter- 
pretation of  increasing  pollen  availability  is  com- 
plicated by  the  greater  likelihood  of  selfing  (and 
more  hollow  seeds)  in  stands  with  fewer  lodge- 
pole pines. 

One  reason  for  the  generally  high  proportion  of 
sound  seed  may  be  the  relative  freedom  of  lodge- 
pole pine  from  cone  and  seed  insects  (Keen  1958, 
Lavender  1978,  Smith  1968).  One  locally  damag- 
ing insect  is  the  lodgepole  cone  moth  {Eucosma 
re  scissor  iana),  whose  larvae  may  cause  signifi- 
cant damage  to  second-year  cones  of  inland 
populations  (Hedlin  1974,  Keen  1958,  Lavender 
1978). 

Lodgepole  pine  is  a  more  reliable  seed  pro- 
ducer than  its  tree  associates  in  Montana  (Boe 
1954),  Colorado  (Bates  1930),  and  southern  Oregon 
(Dahms  and  Barrett  1975).  No  crop  failures  were 


observed  during  10-  to  20-year  periods  in  Alberta 
(Crossley  1956a),  western  Colorado  (Bates  1930), 
and  two  sites  in  southern  Oregon  (Dahms  and  Bar- 
rett 1975).  A  single  complete  failure  in  a  southern 
Wyoming  stand  in  a  10-year  period  was  at- 
tributed to  unusually  low  temperatures  (-8°C) 
at  the  end  of  June  in  the  preceding  season  (Bates 
1930). 

Large  quantities  of  seed  are  produced  in  most 
stands.  Seed  production  was  comparatively  light 
in  a  southern  Wyoming  stand,  averaging  180,000 
germinable  seed  per  hectare  annually,  with  a 
range  of  0  to  336,000  over  a  10-year  period  (Bates 
1930).  A  Colorado  stand  was  more  productive, 
averaging  790,000  germinable  seed  per  hectare 
(range:  74,000  to  2,042,000)  In  one  season,  the 
lodgepole  pines  comprising  40  percent  of  a  north 
Cascades  stand  produced  657,000  sound  seeds  per 
hectare  (Smith  1968).  Two  nearly  pure  stands  in 
south-central    Oregon    averaged    714,000  and 
701,000  sound  seeds  per  hectare  annually  over 
periods  of  16  and  11  years,  ranging  from  about 
12,000  to  2,223,000  (Dahms  and  Barrett  1975).  No 
periodicity  was  found  in  any  of  these  studies:  the 
four  largest  crops  in  Colorado  and  the  two  largest 
in  Wyoming  were  produced  in  successive  years 
(Bates  1930). 

In  stands  where  closed  cones  are  common,  most 
of  the  seed  crop  is  added  to  the  reserve  supply, 
and  the  annual  seed  fall  is  small:  25,000  to  71,000 
sound  seeds  per  hectare  in  Alberta  over  a  3-year 
period  (Crossley  1955a)  and  an  average  of  43,000 
per  hectare  in  Montana  in  a  4-year  period  (Boe 
1956).  Small  amounts  of  seed  were  shed  almost 
year-round  in  both  regions,  and  it  is  uncertain 
whether  a  small  summer  peak  in  Alberta  was  due 
to  the  occasional  opening  of  old  closed  cones  or 
the  more  complete  opening  of  partly  open  cones. 

The  reserve  supply  of  seeds  in  serotinous  cones 
may  be  very  large  (table  3),  depending  on  stand 
age  and  composition,  frequency  of  closed-cone 
trees,  squirrel  predation,  and  other  factors. 
Estimates  range  from  about  half  of  the  annual 
crop  in  the  northern  Cascades  (Smith  1968)  to  2.5 
to  3.5  times  the  annual  crop  in  the  southern 
Rocky  Mountains  (Bates  1930). 

Lodgepole  and  jack  pines  have  the  smallest 
seeds  of  any  of  the  pines  (Uyeki  1927).  Published 
1,000-seed  weights  provide  a  fairly  consistent  pic- 
ture of  this  variable  character  in  lodgepole  pine 
(Maschning  1971,  Hagner  and  Fahlroth  1974, 
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Table  3  —  Amount  of  seed  stored  in  closed  cones 
of  lodgepole  pine  stands 


Region 


Stored  seed 
Ger- 

Sound  minable 


Reference 


.1,000/ha. 


Western  Alberta 

(17-year-old  stand)  111 
Western  Alberta 

(mature  stands) 
Northern  Cascades 

(mixed  stand)  330 
Southern  Wyoming 
Western  Colorado 
Southern  Montana, 

eastern  Idaho  (stands  2,000-7,900 

4  to  7,  table  2) 


3,700-6,000 


447 
2.700 


Crossley  1956a 

Ackerman  1966 

Smith  1968 
Bates  1930 
Bates  1930 

Lotan  1967a, 
1968 


Birot  1978).  Seed  weight  increases  sharply  from 
north  to  south  along  the  coast  from  Vancouver 
Island-Puget  Sound  (2.5  to  3.5  mg  per  seed)  to 
southern  Oregon  and  northern  California  (4.8  to 
6.1  mg),  and  in  the  interior  from  eastern  Oregon 
(3.8  to  5.3  mg)  to  the  California  mountains  (5.2  to 
11.4  mg)  (Maschning  1971,  Birot  1978).  These 
steep  north-south  gradients  may  reflect  adapta- 
tion to  the  summer-dry  climate  of  California, 
where  Baker  (1972)  found  a  positive  relationship 
between  seed  weight  and  increasing  environmen- 
tal aridity.  Farther  north,  this  apparent  correla- 
tion with  latitude  disappears:  IUFRO  collections 
from  Vancouver  Island  and  southeastern  Alaska 
have  mean  seed  weights  of  3.1  and  3.3  milligrams 
(Birot  1978).  In  the  interior  of  Canada,  seed 
weight  is  low  and  rather  uniform  (2.3  to  3.5  mg) 
throughout  British  Columbia  and  the  Yukon 
(Birot  1978;  data  of  Hagner  and  Fahlroth  1974, 
corrected  for  empty  seeds).  Farther  east  and 
south,  in  Alberta  and  the  American  Rocky  Moun- 
tains, seed  weight  is  greater  (2.8  to  5.6  mg),  but 
the  available  data  does  not  suggest  a  north-south 
trend  (Maschning  1971;  Birot  1978;  H.  Barner, 
pers.  commun.,  Jan.  1979).  Among  the  IUFRO  col- 
lections from  the  Rocky  Mountain-Intermountain 
region,  the  heaviest  seed  (5.6  mg)  was  from  the 
Cypress  Hills,  Alberta  (Birot  1978). 

The  energy  invested  in  Colorado  seeds  is  parti- 
tioned as  follows  (Smith  1970): 


Endosperm  plus  embryo 

Seed  coat 

Wing 


Percent 
77.6 
13.7 
8.8 


Mean  cotyledon  number  is  closely  related  to 
seed  weight  but  much  less  variable  (Maschning 
1971).  Nearly  all  California  montane  samples  had 
significantly  higher  average  numbers  (4.7  to  5.4) 
than  samples  from  coastal  and  Rocky  Mountain- 
Intermountain  regions  (3.4  to  4.3  and  3.5  to  4.8). 
Cotyledons  of  individual  seedlings  number  2  to  9. 

The  small  seeds  of  lodgepole  pine  are  among 
the  most  dispersible  of  any  North  American  con- 
ifer seeds.  Under  ordinary  forest  conditions,  most 
seed  falls  to  the  ground  within  200  feet  (60  m)  of 
the  source  (Lotan  1975b,  Dahms  and  Barrett 
1975),  although  Crossley  (1955a)  found  no  signifi- 
cant difference  between  the  seed  catch  near  a 
stand  edge  and  100  meters  from  the  edge.  In  some 
conditions,  the  seeds  are  highly  mobile  owing  to 
their  slow  rate  of  fall.  Terminal  velocity  is  0.6  to 
0.8  meter  per  second  (Siggins  1933,  Cremer  1971), 
a  slower  rate  of  fall  than  that  of  almost  any  other 
western  conifer  seed  (Siggins  1933).  Cremer 
(1971)  estimated  dispersal  distances  of  214, 168  to 
223,  and  336  meters  for  seeds  of  Monterey  pine, 
Douglas-fir,  and  lodgepole  pine  released  30 
meters  above  the  ground  in  a  15-mile-per-hour 
wind.  Cremer  saw  updrafts  catch  lodgepole  pine 
seeds  and  move  them  upward  and  out  of  sight, 
and  Siggins  made  the  same  observation  with 
Sitka  spruce  and  incense-cedar  seed,  both  having 
greater  terminal  velocities  than  lodgepole  seeds. 
Sometimes  seed  is  carried  for  long  distances  by 
the  wind;  trees  have  become  established  10  to  11 
miles  (16  to  18  km)  from  their  parents  in  New 
Zealand  (Bannister  1965).  Lotan  (1976)  noted 
lodgepole  seed  scudding  over  crusted  snow,  and 
suggested  that  seed  might  be  dispersed  for  con- 
siderable distances  in  this  way. 

Self-  and  Cross-pollination 

Among  the  pines,  lodgepole  pine  may  be  one  of 
the  most  difficult  to  self.  Ten  coastal  and  Men- 
docino White  Plains  trees  with  fair  seed  yields 
from  outcrosses  (>  5  sound  seeds  per  cone)  pro- 
duced few  sound  seeds  when  they  were  selfed  at 
Placerville.  Selfing  produced  nearly  the  same 
yield  of  cones  from  pollinated  strobili  as  outcross- 
ing (68  and  68.5  percent)  and  almost  the  same 
total  number  of  seeds  per  cone  (18.6  and  18.0),  but 
few  seeds  were  filled.  Selfing  ability  (sound  seed 
from  selfing  as  a  percent  of  sound  seed  from  out- 
crossing) averaged  16  percent,  ranging  from  0  to 
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57  percent.  Two  Sierra  Nevada  trees  in  different 
stands  gave  similar  results:  about  the  same  total 
number  of  seeds  per  cone  from  selfs  and  out- 
crosses  (14.3  and  15.8)  but  low  selfing  ability  (12.3 
and  7.0  percent). 

Genetic  barriers  to  selfing  are  apparently  ex- 
pressed after  fertilization  in  lodgepole  pine,  as 
they  are  in  other  pines  (Franklin  1970).  This  con- 
clusion is  based  on  (1)  equal  yields  of  cones  and 
seed  coats  from  selfing  and  outcrossing,  and  (2) 
Hagman's  (1967)  observation  that  there  is  no  bar- 
rier to  pollen  tube  growth  after  self-pollination  of 
interior  lodgepole  pine  in  Finland.  The  low 
estimate  of  selfing  ability  for  lodgepole  pine  — 
about  16  percent  for  all  crosses —  places  it  near 
the  lower  end  of  the  range  among  pine  species, 
which  average  66  percent  (Franklin  1970). 

Controlled  Pollination 

Standard  techniques  described  by  Cumming 
and  Righter  (1948)  are  applicable  to  lodgepole 
pine,  except  that  heavyweight  pollination  bags 
are  unsuited  to  the  relatively  slender  branches  of 
this  species.  The  kraft  paper  bags  used  in  maize 
breeding  were  successfully  utilized  by  Sorensen 
and  Miles  (1974),  who  found  that  bagged  and  un- 
bagged  strobili  suffered  about  the  same  amount 
of  freezing  damage. 

A  single  gram  of  lodgepole  pine  pollen  com- 
prises about  33.5  million  grains  (Ho  and  Owens 
1974).  Germination  of  pollen  in  distilled  water  is 
not  improved  by  the  addition  of  sucrose,  hor- 
mones, or  other  compounds  (Ho  and  Sziklai  1971) 
and  is  not  much  affected  by  storage  for  1  to  2 
years  at  temperatures  of  4°C  or  -18°C 
(Ehrenberg  1960).  The  results  of  in  vitro  germina- 
tion tests,  however,  bear  little  relation  to  the 
ability  of  the  pollen  to  function  in  vivo.  In  a 
preliminary  report  of  a  long-term  study  of  pollen 
storage  at  Placerville,  Callaham  and  Steinhoff 
(1966)  corroborated  Ehrenberg's  finding  that 
storing  lodgepole  pollen  for  1  year  at  about  5°  C 
had  little  effect  on  in  vitro  germination,  but  the 
pollen  had  lost  much  of  its  ability  to  function  in 
reproduction.  A  total  of  nine  crosses  were  made 
on  three  Sierra  Nevada  trees  with  pollen  from 
three  trees  in  another  stand.  Crosses  with  refrig- 
erated pollen  produced  only  44  percent  as  many 
cones,  52  percent  as  many  total  seeds,  and  18  per- 


cent as  many  sound  seeds  as  crosses  with  fresh 
pollen.  After  2  years  of  refrigeration,  crosses 
with  the  same  pollens  produced  few  cones  and 
seed  coats,  and  no  sound  seeds. 

In  contrast  to  refrigeration,  storage  for  a  year 
in  a  domestic  deep-freezer  at  about  -20°C  is 
highly  effective  in  preserving  the  ability  of  the 
pollen  to  function  in  vivo,  and  fresh  and  1-year-old 
frozen  pollen  are  used  almost  interchangeably  in 
breeding  at  Placerville.  Like  some  other  species 
in  the  pollen  storage  study,  lodgepole  pine  unex- 
plainably  produced  more  sound  seeds  with  pollen 
frozen  for  1  year  than  with  fresh  pollen  (table  4). 
After  3  and  5  years  of  storage,  crosses  with 
frozen  pollen  produced  only  about  half  as  many 
sound  seeds  as  the  controls.  In  subsequent  years, 
cone  and  seed  yields  fell  off  rapidly. 


Table  4.  —  Cone  and  seed  yields  from  crosses  with 
deep-frozen  lodgepole  pine  pollen1 


Years  in  Strobili  Total  seed  Sound  seed 

freezer       yielding  cones  per  cone  per  cone 


 Percent  

1  100  161  131 

3  76  59  46 

5  96  57  49 

8  86  37  20 

11  36  16  3 

15  0 


Unpublished  data,  IFG.  Values  expressed  as  percentage 
of  fresh-pollen  controls. 


A  minimum  number  of  viable  ovules  are  needed 
to  sustain  cone  development  in  P.  sylvestris  (Sar- 
vas  1962).  By  11  years,  lodgepole  pine  may  have 
fallen  below  this  threshold:  cone  yield  dropped 
from  86  to  36  percent  of  the  controls  between  8 
and  11  years. 

A  high  proportion  of  control-pollinated  female 
strobili  develops  into  cones  in  Sierra  Nevada 
lodgepole  pine.  In  the  three  trees  used  in  the 
pollen-storage  study  at  Placerville,  each  polli- 
nated with  fresh  pollen  in  six  seasons,  61  percent 
of  all  pollinated  strobili  developed  into  cones. 
Tree  means  were  46  to  68  percent,  and  annual 
means  49  to  79  percent.  The  yield  of  cones  from 
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2,500  strobili  on  five  trees  in  another  stand, 
pollinated  with  a  variety  of  pollens,  averaged  70 
percent  over  two  to  five  seasons,  with  tree  means 
of  57  to  80  percent. 

The  yield  of  sound  seeds  from  control- 
pollinated  cones  may  be  a  little  higher  than  that 
of  wind-pollinated  cones,  The  median  yield  of 
three  trees  control-pollinated  in  six  seasons  was 
18.2  sound  and  26.4  total  seeds  per  cone,  com- 
pared with  16.0  and  26.1  for  a  large  number  of 
wind-pollinated  cones  from  other  trees.  Maximum 
seed  production  of  the  three  trees  was  50  to  58 
sound  seeds  per  cone.  The  percentage  of  sound 
seeds  per  cone  for  individual  crosses  was  64.9  to 
92.9,  and  seasonal  means  were  63  to  86.5  percent. 


Germination  and  Establishment 


Lodgepole  pine  seed  has  no  absolute  stratifica- 
tion requirement  for  germination,  but  seed  strat- 
ified for  as  little  as  2  weeks  germinates  faster 
than  untreated  seed  (Critchfield  1957,  Roche 
1962).  Stratification  for  4  weeks  is  recommended 
in  Britain  (Forestry  Commission  1976),  but  in  an 
Alberta  nursery  unstratified  seed  from  several 
sources  produced  significantly  larger  numbers  of 
lst-year  seedlings  than  stratified  seed  (Hocking 
1972). 

Germination  of  unstratified  seed  is  under  fairly 
strict  temperature  control.  At  optimum  temper- 
atures the  seed  germinates  rapidly  and  almost 
completely.  In  7-day  tests,  germination  of  fresh 
seed  from  several  stands  at  400  to  1,500  meters  in 
south-central  British  Columbia  was  76  to  90  per- 
cent at  24°  C  and  27°  C,  peaking  at  4  to  5  and  3 
days  (Haasis  and  Thrupp  1931).  At  higher  (33°  to 
41°  C)  and  lower  (15°,  19°  C)  temperatures,  both 
the  amount  and  speed  of  germination  decreased, 
but  low-elevation  seed  germinated  relatively  bet- 
ter at  high  temperatures  and  high-elevation  seed 
at  low  temperatures.  Fresh  seed  from  1,400 
meters  in  Alberta  showed  88  to  94  percent  ger- 
mination in  13-day  tests  at  a  constant  tempera- 
ture of  21°  C  and  at  fluctuating  temperature 
regimes  in  the  same  range,  decreasing  at  higher 
(27°,  32°C)  and  lower  (16°C)  constant  temper- 
atures (Ackerman  and  Farrar  1965).  At  optimum 


temperatures,  germination  peaked  at  4  to  7  days. 
Germination  of  seed  from  9,800  feet  (3,000 
m)  in  Colorado  peaked  at  about  the  same  time  in 
3-week  tests  at  25°  C,  with  total  germination  of  75 
to  90  percent  (Kaufman  and  Eckard  1977).  At 
16°  C  germination  was  slower  and  nearly  as  com- 
plete, but  at  lower  (12°  C)  and  higher  (35°  C) 
temperatures  total  germination  decreased.  Old 
seed  germinates  about  as  fast  as  fresh  seed:  19-  to 
20-year-old  seed  from  the  Cypress  Hills  peaked  in 
7  days  or  less  (Crossley  1955b),  and  seed  from 
6-year-old  logging  slash  at  3000  meters  in  Utah 
peaked  at  8  days  (Tackle  1954).  Southern  Rocky 
Mountain  seed  covered  by  about  6  millimeters  of 
sand  had  germination  peaks  at  11  to  15  days 
(Bates  1930).  Recent  information  provides  no  sup- 
port for  the  conclusion  of  Bates  and  others  (1929) 
that  germination  is  prompt  and  complete  only 
with  fluctuating  temperatures,  nor  for  Bates's 
(1930)  statement  that  germination  is  often 
delayed  until  a  year  after  planting. 

Germination  of  seed  from  coastal  stands  is 
slower  than  that  of  seed  from  the  Rocky  Moun- 
tain-Intermountain region  (Rafn  1915,  Critchfield 
1957,  Roche  1962,  Forestry  Commission  1970). 
Stratification  does  not  eliminate  this  difference. 
In  Roche's  tests  at  25°  C,  median  germination 
time  of  coastal  seed  was  about  twice  that  of  in- 
terior seed  (Canadian  sources),  whether  the  seed 
was  unstratified  (germination  times  10  to  11  and  5 
days)  or  stratified  for  6  weeks  (2.5  to  3.5  and  1.5 
days).  In  tests  at  20°  C  with  seed  that  had  been 
stratified  and  air-dried  (a  treatment  that  largely 
reversed  the  effect  of  stratification),  mean  ger- 
mination rates  were  8  to  19  days  in  coastal  and 
4.5  to  8.6  days  in  Rocky  Mountain-Intermountain 
samples  (Critchfield  1957).  At  a  higher  tempera- 
ture (30°  C),  the  germination  behavior  of  coastal 
seed  was  relatively  unchanged,  but  the  interior 
sources  were  significantly  more  variable  in  ger- 
mination speed.  A  temperature  of  10°  C  was 
suboptimal  for  both  groups;  amount  of  germina- 
tion was  reduced  to  20  to  25  percent  of  that  at  20° 
C,  and  mean  germination  time  was  extended  to  55 
to  65  days  for  coastal  seed  and  22  to  34  days  for 
Rocky  Mountain-Intermountain  seed.  In  contrast, 
germination  of  small  samples  of  Sierra  Nevada 
seed  at  10°  C  was  also  slow  (mean  48  days),  but 
nearly  complete  (85  percent  of  germination  at  20° 
C). 
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Both  lodgepole  and  jack  pine  seed  require  ex- 
posure to  light  for  germination,  but  lodgepole 
pine  is  much  more  exacting  in  both  light  and 
temperature  requirements  (Ackerman  and  Far- 
rar  1965).  Jack  pine  seed  above  a  threshold 
moisture  content  germinated  completely  at  a 
wide  range  of  temperatures  after  a  few  minutes 
exposure  to  light,  but  complete  germination  of 
Alberta  lodgepole  seed  required  repeated  long 
exposures  or  continuous  light. 

Germination  of  Colorado  lodgepole  seed  was 
delayed  and  reduced  by  even  a  thin  (1  to  3  mm) 
covering  of  soil,  but  moderate  water  stress  did 
not  greatly  influence  the  amount  of  germination 
(Kaufman  and  Eckard  1977).  Germination  of 
south-central  Oregon  seed  was  not  much  reduced 
by  levels  of  soil  water  sufficiently  high  to 
substantially  depress  the  germination  of 
ponderosa  pine  (Cochran  1972). 

In  natural  conditions,  lodgepole  seed  ger- 
minates at  temperatures  far  below  the  optimum 
range  for  unstratified  seed  in  the  laboratory.  Ger- 
mination took  place  during  the  second  week  in 
May  in  southern  Oregon,  at  a  time  when  freezing 
night  temperatures  were  still  common  (Cochran 
and  Berntsen  1973).  In  the  Yellowstone  region  at 
7,800  feet  (2,380  m),  seed  sown  the  previous  Oc- 
tober germinated  at  the  end  of  June  and  begin- 
ning of  July,  soon  after  the  snow  melted  (Lotan 
1964).  One  explanation  for  this  discrepancy  is  that 
natural  conditions  simulate  artificial  stratifica- 
tion, and  the  temperature  requirements  for  ger- 
mination of  stratified  seed  have  not  been  in- 
vestigated. 


Newly  germinated  seedlings  are  relatively  in- 
sensitive to  temperature  extremes.  In  south- 
central  Oregon  they  suffered  little  mortality  at 
freezing  temperatures  above  -6.5°C  (Cochran 
and  Berntsen  1973).  At  lower  temperatures,  mor- 
tality increased  with  seedling  age.  At  -  10.5°  C, 

1-  week-old   seedlings   had   low  mortality,  but 

2-  month-old  seedlings  were  all  killed.  On  these 
pumice  soils,  drought,  heat,  and  frost-heaving  all 
contribute  to  seedling  mortality  (Cochran  1973, 
1975).  Near  Yellowstone,  90  percent  of  seedling 
mortality  was  attributed  to  drought.  Soil-surface 
temperatures  exceeding  138°  F  (59°  C)  were  not 
an  important  factor  (Lotan  1964). 

In  regions  where  closed  cones  are  common, 
stands  established  after  forest  fires  are  often 
tremendously  overstocked  (Mason  1915,  Horton 
1956).  Referring  to  northern  Rocky  Mountain 
stands,  Smithers  (1961)  stated,  "It  is  doubtful  if 
any  other  species  can  demonstrate  such  high 
levels  of  stocking."  Less  extreme  overstocking  is 
also  common  after  logging.  In  Alberta,  most  seed- 
lings became  established  in  the  first  3  to  6  years 
after  a  fire  (Horton  1953)  and  the  first  8  to  10 
years  after  clearcutting  and  site  scarification 
(Crossley  1976,  Johnstone  1976).  Clements  (1910) 
attributed  the  heavy  reproduction  on  old  burns  to 
the  temporary  absence  of  seed  predators  like 
chipmunks  and  squirrels  after  a  fire.  The  density 
of  stands  on  old  burns  suggests  that  individual 
lodgepole  pines  have  a  greater  chance  of  surviv- 
ing to  reproductive  age  than  individuals  of 
associated  tree  species. 
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Vegetative  Propagation 


Grafting 

Grafting  out-of-doors  gave  poor  results  in 
Ireland  (O'Driscoll  1972)  and  is  done  indoors  there 
and  in  Great  Britain  (A.  M.  Fletcher,  pers.  com- 
mun.,  Jan  1972).  In  south-central  Oregon,  outdoor 
grafting  on  native  seedlings  has  been  done  on  a 
large  scale  in  the  spring  (Copes  1975).  The  grafted 
trees  are  dug  up  immediately  and  planted  in  con- 
tainers, where  they  remain  for  2  to  3  years.  Scots 
pine  was  successfully  used  as  a  rootstock  for  in- 
terior lodgepole  pine  in  eastern  Canada,  but 
growth  was  not  entirely  satisfactory  (Hoist  and 
others  1956).  The  same  species  has  also  been  used 
as  a  rootstock  in  Great  Britain,  but  south-coastal 
lodgepole  pine  is  preferred  (A.  M.  Fletcher,  pers. 
commun.,  Jan.  1972).  Rootstocks  are  taken  in- 
doors in  January,  and  grafting  is  done  just  before 
the  buds  flush.  The  preferred  method  is  an  apical 
side-veneer  graft,  with  a  small  branch  left  on  the 
rootstock;  but  depending  on  the  size  of  stock  and 
scion,  ordinary  side-veneer  grafts  are  also  used. 
Top-cleft  grafts  are  used  in  Oregon  (Copes  1975). 
Grafting  success  depends  partly  on  the  clone,  and 
in  Ireland  grafting  success  was  38  to  84  percent 
over  a  5-year  period,  averaging  65  percent.  Per- 
cent success  is  comparable  in  Britain  (Forestry 
Commission  1972),  but  many  clones  give  in  excess 
of  75  percent  successful  grafts.  The  grafts  are 
planted  in  the  nursery  during  the  following 
season,  and  culled  heavily  before  outplanting  2 
years  after  grafting  (A.  M.  Fletcher,  pers.  com- 
mun., Jan.  1972).  One  problem  in  Britain  is  obtain- 
ing vegetative  shoots  from  older  trees  on  which 
nearly  all  the  shoots  bear  male-strobilus  buds. 

In  British  Columbia,  survival  of  2-year-old 
grafts  was  78  percent;  but  in  a  few  clones,  graft- 
ing failures  reached  70  percent  (Illingworth  1975). 
In  one  breeding  arboretum,  more  than  40  percent 
of  the  clones  produced  female  strobili  1  year  after 
outplanting  and  2  years  after  grafting  (Wheeler 
1979).  Flowering  was  much  more  common  on 
ramets  grafted  onto  field-grown  stock  than  on 
grafts  using  potted  stock. 

Delayed  graft  incompatibility  has  not  been 
reported  in  lodgepole  pine.  Incompatibility  shows 
up  soon  after  grafting  in  Ireland  (O'Driscoll  1972). 
In  New  Zealand,  grafts  are  rogued  at  the  end  of 
the  first  year  (Copes  1975).  In  Oregon,  about  10 
percent  of  the  grafts  show  external  symptoms  of 


incompatibility —  scion  overgrowth  and  chlorotic 
needles  — within  2  to  3  years,  and  roguing  is  done 
then  (Copes  1975).  Copes  found  only  limited  xylem 
growth  in  the  region  of  the  graft  union  of  incom- 
patible grafts. 

Rooting 

Lodgepole  pine  cuttings  are  moderately  easy  to 
root.  Working  in  Britain  with  coastal  trees  3  to  35 
years  old,  Iktiieren  (1973)  found  a  decline  in  root- 
ability  between  3  and  19  years,  but  in  other 
studies  tree  age  does  not  appear  to  be  as  influen- 
tial as  it  is  in  many  other  pines.  Cuttings  taken  in 
December  from  2-year-old  Oregon  seedlings 
rooted  poorly  under  optimum  conditions:  hor- 
mone treatment,  frequent  application  of  nutrients 
and  fungicides,  and  a  rooting-medium  tempera- 
ture of  27°  C  (Morden  and  Ross  1976).  The  cut- 
tings did  not  begin  to  callus  until  the  7th  week, 
and  after  4  months  only  40  percent  had  rooted. 
Better  success  has  been  reported  in  other  tests 
involving  older  trees.  In  California,  cuttings  from 
a  7-year-old  Sierra  Nevada  x  coastal  hybrid,  col- 
lected in  February,  treated  with  indolebutyric 
acid  (IBA),  and  rooted  at  27°  C,  all  produced  roots 
in  4  months  (Blankensop  1968).  In  Britain,  five  of 
six  9-  and  10-year-old  interprovenance  hybrids 
(coast  x  interior,  coast  x  coast)  had  60  to  99  per- 
cent rooting  success  under  optimal  conditions, 
but  the  sixth  had  only  7  percent  success  (Bowen 
and  others  1975).  Trees  20  years  old  gave  87  per- 
cent rooting  success  (A.  M.  Fletcher,  pers.  com- 
mun., Jan.  1972),  and  65  percent  of  the  cuttings 
from  upper  branches  of  two  43-year-old  trees 
rooted  under  optimal  conditions  (Bowen  and 
others  1975).  In  a  massive  screening  of  rootability 
in  Britain,  about  half  the  clones  gave  60  percent 
or  more  rooted  cuttings  (Forestry  Commission 
1976). 

The  season  of  collection  is  apparently  not  too 
critical.  Cuttings  taken  in  Britain  in  March-April, 
July,  and  September  have  rooted  successfully  (A. 
M.  Fletcher,  pers.  commun.,  Jan.  1972).  Iktiieren 
(1973)  obtained  best  results  with  cuttings  from 
trees  of  coastal  origin  collected  in  January 
through  July,  depending  on  tree  age  and  treat- 
ment. Bowen  and  others  (1975)  initiated  suc- 
cessful rooting  experiments  in  September, 
December,  and  February. 
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The  most  thorough  investigation  of  factors  af- 
fecting rooting  was  done  in  Britain,  mostly  with 
cuttings  from  interprovenance  hybrids  (Bowen 
and  others  1975).  In  these  tests,  hormones  dis- 
solved in  ethanol  were  applied  to  the  freshly  cut 
stem  of  cuttings  10  to  12  centimeters  long,  and 
rooting  was  in  beds  at  22°  C  under  long 
photoperiods.  Callus  was  often  present  at  3  to  4 
weeks,  and  rooting  was  assessed  at  3.5  to  4 
months,  when  most  roots  had  appeared.  When  the 
hormones  IBA  and  NAA  (naphthaleneacetic  acid) 
were  applied  separately,  IBA  was  effective  only 
at  the  highest  concentration  (60  mg  per  cutting), 
and  NAA  was  most  effective  at  the  lowest  con- 
centration (2  mg).  In  tests  of  other  clones,  mix- 
tures of  the  two  hormones  (50:50  by  weight)  were 
most  effective  at  an  intermediate  concentration, 
with  reduced  rooting  at  higher  and  lower  concen- 
trations. Boron,  which  is  known  to  influence 
rooting,  acted  synergistically  with  high  hormone 
concentrations  to  increase  rooting  sharply,  but 
was  ineffective  alone.  At  lower  hormone  concen- 
trations, the  addition  of  boron  depressed  rooting. 
Clones  differed  strikingly  in  their  response  to 
IBA/NAA,  with  or  without  boron,  and  Bowen  and 
others  (1975)  grouped  them  into  four  categories: 
(1)  rooting  poor  and  not  affected  by  treatment,  (2) 
rooting  good  and  not  affected  by  treatment,  (3) 
rooting  reduced  by  treatment,  (4)  rooting  en- 
hanced by  low  levels  of  hormone  with  or  without 
boric  acid,  but  depressed  by  high  levels. 

Hormones  also  influenced  the  type  and  number 
of  roots.  Untreated  cuttings  produced  mostly 
micro-roots  —  much-branched  roots  of  small 
diameter.  IBA  had  little  effect  on  root  type,  but 
NAA  increased  the  production  of  large-diameter, 
mostly  unbranched  macro-roots,  and  at  high  con- 
centrations greatly  reduced  the  production  of 
micro-roots.  Bowen  and  others  (1975)  tentatively 
recommended  treatment  of  lodgepole  pine  cut- 
tings with  500  parts  per  million  (p/m)  NAA/IBA 
and  0.5  p/m  boric  acid. 


Attempts  to  root  needle  fascicles  have  had 
limited  success  (Larsen  and  Dingle  1969). 
Fascicles  were  collected  from  trees  of  coastal 
origin  2  to  6  years  old,  and  best  results  were  ob- 
tained with  December  collection.  Relatively  few 
fascicles  rooted,  and  only  a  small  number  of 
rooted  fascicles  produced  shoots.  More  rooting 
was  obtained  with  fascicles  from  2-year-old  trees, 
and  the  authors  considered  age  an  important  fac- 
tor. Iktiieren  (1973)  had  significantly  better 
rooting  success  with  fascicles  from  5-year-old 
trees  compared  with  3-year-olds,  but  fascicles 
from  trees  more  than  5  years  old  rooted  poorly. 

Air-layering  of  8-year-old  interior  lodgepole 
pines  in  Korea  was  highly  successful,  the  best 
treatment  giving  85  percent  rooting  in  less  than  2 
months  (Yim  1961).  Mid-June  treatment  was  sig- 
nificantly better  than  early  July,  and  IAA  (in- 
doleacetic  acid)  gave  better  results  than  IBA,  but 
untreated  controls  were  not  included.  Despite  the 
high  percentage  of  rooting  in  the  best  combina- 
tion, this  method  of  propagation  does  not  seem  to 
have  been  used  elsewhere. 


Tissue  Culture 

Callus  tissue  cultures  and  liquid  cell  suspen- 
sions have  been  produced  from  seedling  hypo- 
cotyl  tissue,  excised  embryos,  and  actively  grow- 
ing shoots  (Street  and  Webb  1975,  1976,  1977). 
Both  kinds  of  cultures  include  living,  dividing 
cells  and  dead  tracheid-like  cells  with  lignified 
walls.  The  proportion  of  the  two  cell  types  can  be 
controlled  by  cultural  conditions.  These  cultures 
have  not  produced  organized  structures,  but  the 
hypocotyl  and  cotyledonary  regions  of  excised 
embryos  can  be  induced  to  form  meristematic 
nodules  with  high  cytokinimauxin  ratios.  These 
nodules  have  developed  into  leafy  shoots  that  can 
be  rooted  by  traditional  techniques. 
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Variation  in  Natural  Stands 


Growth,  Form,  and  Longevity 

Regional  variations  in  growth  rate,  maximum 
size,  maximum  age,  and  form  are  conspicuous  but 
poorly  documented.  Trees  in  coastal  stands  grow 
fairly  rapidly  in  youth  (Critchfield  1957,  appendix 
table  1),  but  seldom  reach  large  sizes  or  great 
ages.  On  Vancouver  Island  a~d  the  adjacent  main- 
land they  may  exceed  2  feet  (61  cm)  in  diameter 
and  100  feet  (30  m)  in  height  (Roche  1963).  The 
tallest  tree  Aldhous  (1976)  observed  in  the  coastal 
muskeg  type,  on  the  west  coast  of  Vancouver 
Island,  was  32  meters.  On  the  same  type  of  site  in 
the  same  region,  most  trees  were  about  15  feet 
(4.6  m)  at  100  years  (Pavlick  1971),  but  trees  in  a 
sphagnum  bog  in  northwest  Washington  reached 
55  feet  (17  m)  in  50  to  54  years  (Kienholz  1931).  In 
southeastern  Alaska,  Gorman  (1896)  noted  an 
unusually  large  tree  more  than  100  feet  (30  m)  tall 
and  18  inches  (46  cm)  in  diameter  at  the  base. 
However,  in  the  same  region  120-year-old  trees 
growing  in  a  bog  were  only  13  feet  (4  m)  tall 
(Critchfield  1957).  The  oldest  coastal  tree  on 
record  (370  years)  grew  on  northern  Vancouver 
Island  (Garman  1973).  The  largest  coastal  trees 
were  on  Graham  Island,  one  of  the  Queen  Char- 
lotte Islands:  34  and  33.5  inches  (86  and  85  cm)  in 
diameter  and  127  and  118  feet  (39  and  36  m)  in 
height  (D.  Pigott,  pers.  commun.,  Nov.  1978). 

Mature  trees  on  the  Mendocino  White  Plains 
are  smaller  and  possibly  shorter-lived.  The  oldest 
trees  so  far  reported  were  87  to  92  years  (West- 
man  and  Whittaker  1975).  Tree  height  is  highly 
variable  on  these  extreme  sites,  and  maximum 
height  of  older  trees  ranges  from  about  7  to  39 
feet  (2  to  12  m)  (Critchfield  1957,  Jenny  and  others 
1969,  Westman  and  Whittaker  1975). 

Lodgepole  pine  reaches  greater  ages  and 
larger  dimensions  in  the  Rocky  Mountain-Inter- 
mountain  region,  but  nowhere  in  this  region  is  it  a 
large  tree,  nor  is  it  usually  long-lived.  Mason 
(1915)  reported  that  Rocky  Mountain  stands  more 
than  250  years  old  were  uncommon,  and  stands 
older  than  300  years  were  rare.  The  oldest  stand 
mentioned  by  Mason,  a  450-year-old  stand  in 
southwestern  Montana,  is  still  the  oldest  re- 
corded for  this  region.  Maximum  stand  ages  in 
Alberta  were  in  the  same  range,  and  the  oldest 
was  375  years  (Horton  1956).  Lotan  (1968)  noted 
individual  trees  in  eastern  Idaho  more  than  400 


years  old,  and  unusually  old  trees  of  315  and  346 
years  have  been  reported  in  northern  British  Co- 
lumbia (Garman  1973)  and  Colorado  (Mills  1915). 
In  the  southern  Intermountain  region  lodgepole 
pine  is  apparently  shorter-lived:  maximum  stand 
ages  at  low  elevations  in  northern  Idaho  are  80  to 
100  years  (Lotan  1976),  and  the  oldest  tree  noted 
in  eastern  Oregon  was  173  years  (Trappe  and  Har- 
ris 1958). 

In  interior  British  Columbia,  lodgepole  pine 
grows  to  heights  of  130  feet  (40  m)  (Smithers 
1961),  and  in  the  southern  Washington  Cascades 
to  138  feet  (42  m)  (Aldhous  1976)-the  maximum 
reported  for  the  species.  The  largest  Rocky 
Mountain  tree  of  record  in  1915,  a  Colorado  tree 
34  inches  (86  cm)  in  diameter  and  100  feet  (30  m) 
tall  (Mason  1915),  is  still  the  largest.  Elsewhere  in 
the  region,  trees  with  unusually  large  diameters 
are  in  the  range  of  26  to  30  inches  (66  to  76  cm): 
British  Columbia,  30  inches  (Smithers  1961); 
Alberta,  29  inches  (Horton  1956);  southern  Mon- 
tana, 26  inches  (Mason  1915);  and  Colorado,  29 
inches  (Mills  1915). 

In  the  California  mountains,  lodgepole  pine 
reaches  much  larger  diameters —  and  possibly 
greater  ages  — than  elsewhere,  but  the  trees  are 
short  in  relation  to  their  girth.  The  three  suc- 
cessive largest  lodgepole  pines  of  record  (Amer- 
ican Forestry  Association  1951,  Pardo  1978)  were 
all  in  the  southern  Sierra  Nevada  or  the  southern 
California  mountains.  The  trees  were  6  feet  to  6 
feet  9  inches  (183  to  206  cm)  in  diameter  and  91  to 
110  feet  (27.7  to  33.5  m)  tall.  Large-diameter  trees 
are  fairly  common  throughout  the  Sierra  Nevada: 
of  313  0.2-acre  (.08  ha)  plots  measured  in  the  cen- 
tral and  northern  Sierra  during  the  1930's,  46  per- 
cent included  trees  24  inches  (61  cm)  or  more,  and 
8  percent  had  trees  36  inches  (91  cm)  or  more. 
Many  of  these  trees  were  only  50  to  100  feet  (15  to 
30  m)  tall,  but  a  few  were  up  to  125  feet  (3*8  m).  Lit- 
tle information  is  available  on  the  ages  of  these 
large  trees,  but  one  tree  in  the  central  Sierra 
Nevada  near  tree  line  had  321  annual  rings  in  the 
outer  third  of  its  55-cm  radius,  and  its  age  was 
conservatively  estimated  as  600  years  (Critch- 
field 1957,  p.  17). 

These  and  other  scattered  data  suggest  that 
the  Sierra-Cascade  race  has  a  different  pattern  of 
height  and  diameter  growth  than  the  rest  of  the 
species.  Initial  height  growth  of  central  and 
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south-central  Oregon  trees  was  slower  than  that 
of  Rocky  Mountain-Intermountain  trees  up  to  the 
age  of  about  50  (Alexander  and  others  1967, 
Dahms  1975).  At  20  to  22  years  planted  Sierra 
Nevada  trees  were  only  33  to  56  percent  as  tall  as 
northern  Rocky  Mountain  trees  at  several  sites  in 
Montana  and  Idaho  (Rehfeldt  and  Lotan  1970). 
However,  Sierra  Nevada  trees  apparently  have  a 
more  sustained  rate  of  diameter  growth.  Trees  in 
eastern  Oregon  (Trappe  and  Harris  1958)  and  in 
the  southern  Washington  Cascades  and  a  north- 
western Washington  bog  (Kienholz  1931)  all 
showed  a  rapid  decrease  in  the  width  of  annual 
rings  up  to  an  age  of  30  to  60  years,  stabilizing  at 
widths  of  about  0.5  to  1.6  millimeters.  Small 
samples  of  Rocky  Mountain  trees  10  to  20  inches 
(25  to  50  cm)  in  diameter  had  average  ring  widths 
in  the  same  range:  0.47  to  1.43  mm  (Bannan  1964). 
These  trees  were  at  elevations  of  3,000  to  10,000 
ft  (900  to  3,050  m)  in  six  localities  from  Alberta  to 
Colorado.  In  contrast,  trees  of  the  same  size  at 
8,000  feet  (2,450  m)  in  the  central  Sierra  Nevada 
had  ring  widths  averaging  2.43  millimeters. 

Coastal  trees,  especially  in  exposed  situations, 
often  have  poorly  formed  and  heavily  branched 
crowns,  in  contrast  to  the  narrower  crowns  and 
finer  branches  of  trees  in  the  Rocky  Mountain- 
Intermountain  region.  In  Alberta,  trees  in  the 
subalpine  forest  typically  have  long,  narrow 
crowns  with  fine,  upswept  branches,  whereas  in 
the  boreal  forest  to  the  north  and  northeast  the 
crowns  are  shorter  and  broader,  with  heavier, 
less  upswept  branches  (Smithers  1961).  Varia- 
tions in  crown  form  in  natural  stands  were 
described  and  illustrated  by  Roche  (1966)  and 
Aldhous  (1976). 

Multinodal  leaders  are  common.  Data  of  R.  W. 
Dingle  on  maximum  number  of  branch  whorls  per 
spring  shoot  showed  a  range  of  1  to  4  whorls  on 
young  trees  in  Washington  and  northern  Idaho 
(Scobie  1971).  Stand  means  were  1.7  to  2.4  whorls, 
with  no  obvious  difference  between  coastal  and 
interior  localities. 

Repeated  stem  forking  is  also  common, 
unusually  so  in  some  central  British  Columbia 
stands  (Aldhous  1976).  Illingworth  (1976b)  noted  a 
number  of  stands  in  which  repeated  forking  ap- 
peared to  be  genetically  controlled,  and  Franklin 
and  Callaham  (1970)  found  evidence  of  a  partial 
genetic  basis  for  this  trait  in  progeny  tests  of 


multiple-forked  trees  growing  in  the  Lake  Tahoe 
region  of  California.  In  some  California  stands 
where  multiple  forking  is  prevalent,  however, 
this  deformity  is  caused  by  the  lodgepole  ter- 
minal weevil,  Pissodes  terminalis  (Salman  1935, 
Stark  and  Wood  1964). ' 

Near  tree  line  in  the  southern  Sierra  Nevada, 
lodgepole  pine  occasionally  grows  as  a  shrub 
about  2  meters  high.  Clausen  (1965)  speculated 
that  this  elfinwood  form,  which  is  sometimes 
associated  with  lodgepole  trees  as  large  as  35 
meters  in  height,  is  a  distinct  alpine  ecotype  or 
race. 

Wood  and  Bark 

The  bark  is  highly  variable,  and  differences  in 
its  character,  color,  and  thickness  have  provided 
standard  taxonomic  distinctions  between  coastal 
and  interior  forms.  Interior  trees  generally  have 
thinner,  scalier  bark  (fig.  2),  and  the  freshly  ex- 
posed surface  is  sometimes  described  as  orange 
(Aldhous  1976),  dull  pink  (Fosberg  1959),  or 
yellow-orange  (Lotan  1976).  Stands  in  the 
southern  Intermountain  region  do  not  always  con- 
form to  this  description:  Lotan  (1976)  contrasted 
the  black,  deeply  fissured  bark  of  stands  at  low 
elevations  in  northern  Idaho  with  the  thinner, 
lighter-colored  bark  of  high-elevation  stands 
elsewhere  in  the  northern  Rocky  Mountains,  and 
Aldhous  (1976)  noted  and  illustrated  (plate  10) 
stands  with  thick,  fissured  bark  near  Shuswap 
Lake  in  south-central  British  Columbia.  In  Alber- 
ta, the  bark  is  considerably  darker  than  in  adja- 
cent regions  and  more  like  that  of  jack  pine 
(Smithers  1961).  Variation  in  bark  characteristics 
with  site,  age,  growth  rate,  and  region  were 
described  and  illustrated  by  Roche  (1966)  and 
Aldhous  (1976).  Aldhous  classified  bark  into  four 
general  types:  platy  (fig.  3),  fissured-adherent 
(both  coastal),  scaly,  and  fissured-flaky  (both  in- 
terior). 

A  few  observations  suggest  that  wood  proper- 
ties are  also  extremely  variable  in  natural  stands. 
Sargent  (1897)  first  compared  coastal  and  interior 
wood.  Coastal  wood  was  denser  (specific  gravity 
0.58,  compared  to  0.41),  and  had  more  summer- 
wood  and  resin  canals.  Wells  and  Rue  (1927)  also 
noted  that  wood  of  Rocky  Mountain  trees  had  less 
pitch  than  that  of  coastal  or  lowland  trees.  A  dif- 
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ference  in  amount  of  summerwood  was  confirmed 
by  Kienholz  (1931)  in  a  small-scale  comparison  of 
wood  from  trees  growing  in  a  northwest  Wash- 
ington bog  and  in  the  Washington  Cascades.  In 
the  age  range  of  10  to  50  years,  the  percent  sum- 
merwood in  the  bog  trees  exceeded  that  of  the 
montane  trees  by  32  to  100  percent. 


Figure  2.  — Thin,  scaly  bark  of  a  tree  at  Chinook  Pass,  Wash 
ington  (from  Roche  1966). 


Figure  3.  — Thick,  platy  bark  of  a  tree  near  Olympia,  Washing- 
ton (from  Roche  1966). 

Leaves 

Regional  differences  in  leaf  dimensions  have 
often  been  exaggerated  in  classifications  of  lodge- 
pole  pine.  The  leaves  of  coastal  trees  are  usually 
characterized  as  shorter  and  narrower  than  those 
of  interior  trees.  For  the  entire  species,  Critch- 
field  (1957)  found  a  total  range  in  leaf  width  of  1  to 
2.5  millimeters,  but  most  sample  means  were  1.4 
to  1.7  millimeters.  Mendocino  White  Plains  trees 
and  a  sample  from  the  coastal/interior  transition 
in  southwestern  British  Columbia  had  narrower 
leaves  (1.3  mm).  Stands  on  southern  Vancouver 
Island  and  the  Queen  Charlotte  Islands  also  had 
leaves  averaging  1.3  millimeters  wide  (111- 
ingworth  1971).  Southern  Cascades  and  Sierra 
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Nevada  trees  had  the  widest  leaves,  with  most 
sample  means  1.6  to  2.0  millimeters  (Critchfield 
1957).  Width  increased  with  elevation  in  this 
region  and  in  interior  British  Columbia,  where  a 
high-elevation  sample  had  much  wider  leaves  (1.6 
mm)  than  a  nearby  low-elevation  sample  (1.2  mm) 
(Illingworth  1971). 

Leaf  length  has  received  less  attention,  but 
most  coastal  samples  have  shorter  leaves  than 
most  low-  and  mid-elevation  interior  samples 
(Critchfield  1957).  This  difference  was  pro- 
nounced in  British  Columbia,  where  two  coastal 
stands  sampled  by  Illingworth  (1971)  had  much 
shorter  leaves  (means  35  and  39  mm)  than  three 
interior  stands  (means  48  to  57  mm).  Among 
Critchfield's  (1957)  samples,  Mendocino  White 
Plains  and  high-elevation  Sierra  Nevada  trees 
had  the  shortest  leaves  (31  to  46  mm).  In  the 
Sierra,  leaf  length  decreased  with  increasing 
elevation. 

On  older  trees,  fascicles  with  more  than  two 
leaves  have  been  reported  only  in  the  northern 
part  of  the  range,  although  they  are  occasionally 
present  on  lst-year  seedlings  (Sweet  and  Ware- 
ing  1968).  Fascicles  with  three  or  more  needles 
have  been  noted  in  the  Atlin  region  just  south  of 
the  Yukon  border  (Garman  1973)  and  are  common 
at  high  elevations  in  the  central  and  south-central 
Yukon,  on  the  margins  of  the  unglaciated  part  of 
the  Yukon  (von  Rudloff  and  Nyland,  1979),  and  in  a 
timberline  stand  near  Jasper,  Alberta  (Pollack 
and  Dancik,  1979).  A  stand  near  Mayo,  Yukon, 
with  many  three-needled  fascicles  was  described 
as  a  new  variety  of  P.  contorta  in  an  unpublished 
report2. 

The  concentration  of  stomata  on  the  flat  (adax- 
ial)  face  of  the  leaf  was  investigated  by  Ill- 
ingworth (1975)  in  British  Columbia.  Two  widely 
separated  coastal  stands  were  nearly  identical  (63 
to  64  per  mm2),  and  both  were  significantly  higher 
in  stomatal  number  than  three  interior  stands  (40 
to  59  per  mm2).  A  low-elevation  interior  stand  had 
more  stomata  than  a  nearby  high-elevation  stand 
or  a  distant  high-latitude  stand. 

Stomatal  shape  also  varies  regionally  (Critch- 
field 1957).  Leaves  of  coastal  trees  and,  to  a  lesser 
extent,  Rocky  Mountain-Intermountain  trees, 


2Krajina,  V.  J.,  and  0.  Sziklai.  1976.  Environmental  study  of  a 
relict  race  of  lodgepole  pine  in  central  Yukon.  Univ.  British  Co- 
lumbia, Vancouver. 


have  a  well-defined,  partly  enclosed  epistomatal 
cavity  formed  by  flange-like  extensions  of  the 
subsidiary  cells.  In  the  leaves  of  Sierra  Nevada 
trees  these  extensions  are  not  well  developed, 
and  the  cavity  has  a  wider  external  opening 
(Critchfield  1957,  fig.  11). 

The  resin  canals  at  the  midpoint  of  the  leaf 
number  0  to  7,  but  most  leaves  have  0,  1,  or  2 
(Critchfield  1957).  Throughout  much  of  the 
species  range,  most  trees  average  1  to  2  canals 
per  leaf,  but  in  a  few  places  resin  canals  are 
scarce  or  absent.  The  leaves  of  the  isolated 
population  on  the  Mendocino  White  Plains  and  ad- 
jacent coast  had  no  resin  canals,  and  few  were 
present  in  other  southern  coastal  samples  and 
scattered  interior  localities.  North-coast  popula- 
tions averaged  1.9  to  2.0  canals  per  leaf  (Critch- 
field 1957,  Illingworth  1971).  In  the  Sierra 
Nevada,  the  number  of  resin  canals  increased 
with  elevation,  paralleling  the  increase  in  leaf 
width,  and  averaged  1.9  to  2.0  canals  per  leaf  in 
high-elevation  populations  (Critchfield  1957). 

Reproductive  Structures 

Variations  in  natural  stands  in  reproductive 
phenology,  cone  serotiny,  seed  weight,  cotyle- 
don number,  and  germination  behavior  were  de- 
scribed elsewhere  (see  "Sexual  Reproduction"). 
Several  other  cone  characteristics  roughly  paral- 
lel the  regional  variation  in  serotiny.  Cone  spe- 
cific gravity  or  density  and  the  features  associ- 
ated with  it  (cone  hardness,  apophysis  form)  are 
among  the  most  variable  and  geographically  dif- 
ferentiated characteristics  of  lodgepole  pine.  In 
Critchfield's  (1957)  sampling,  cones  of  individual 
trees  averaged  0.43  to  0.89  in  specific  gravity,  and 
stand  means  were  0.50  to  0.79.  Specific  gravity 
was  generally  highest  in  the  Rocky  Mountain  and 
northern  Intermountain  regions,  decreasing  in 
the  southern  Intermountain  and  northern 
Cascade  regions,  and  lowest  in  the  southern 
Cascades  and  Sierra  Nevada.  Coastal  stands  were 
intermediate  and  rather  uniform,  but  closed-cone 
populations  near  the  coast  had  heavier  cones. 
Mendocino  White  Plains  trees  had  denser  cones 
than  trees  on  the  nearby  coastal  bluffs,  and  cones 
of  the  Del  Norte  race  had  the  highest  specific 
gravity  encountered  (0.86),  compared  with  0.62 
for  cones  from  the  coast  15  miles  (24  km)  to  the 
west. 
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Variations  in  cone  hardness  and  apophysis 
form  follow  the  same  geographic  pattern.  The 
hard,  heavy  cones  of  Rocky  Mountain  trees  have 
protruberant  basal  apophyses,  often  pyramidal, 
conical,  or  mammiform  in  shape.  At  the  other  ex- 
treme, the  relatively  light-weight,  soft,  fragile 
cones  of  Sierra  Nevada  trees  have  relatively  flat 
apophyses.  Coastal  and  geographically  inter- 
mediate interior  stands  are  generally  intermedi- 
ate in  apophysis  form  and  cone  hardness.  Varia- 
tions in  apophysis  form  were  illustrated  by 
Critchfield  (1957). 

Outside  the  Sierra-Cascade  region,  the  cones 
have  a  well-developed  woody  cylinder  in  the 
pedicel,  and  in  most  stands  they  remain  on  the 
tree  indefinitely  (Critchfield  1957).  In  the  pedicels 
of  Sierra-Cascade  cones  the  woody  cylinder  is 
small  in  diameter.  The  cones  often  fall  off  the  tree 
soon  after  they  mature,  and  are  nearly  always 
shed  within  a  few  years. 

The  orientation  of  the  cone  on  the  branch  pro- 
vides much  of  the  evidence  that  jack  pine  may 
have  influenced  lodgepole  pine  in  regions  remote 
from  the  areas  where  they  now  grow  together. 
Lodgepole  cones  are  mostly  reflexed,  but  the 
angle  formed  by  the  relatively  straight  cone  axis 
and  the  terminal  part  of  the  cone-bearing  branch 
shows  a  total  range  of  about  45°  to  155°  (Critch- 
field 1957).  Jack  pine  cones  may  be  straight  or 
curved  (Schoenike  1962).  They  are  not  reflexed 
except  in  and  near  the  overlap  region.  Occasion- 
ally they  are  perpendicular  to  the  branch  and  in  a 
few  instances  have  cone  angles  of  95°  to  100°,  but 
most  commonly  they  are  incurved  or  semi-erect 
(attached  at  an  acute  angle).  If  curvature  is  very 
marked,  negative  angles  up  to  45°  may  be  formed 
by  the  branch  and  a  line  through  the  tip  and  base 
of  the  cone  (Schoenike  1962,  Schoenike  and  others 
1959). 

In  Critchfield's  (1957)  survey  of  lodgepole  pine, 
cones  from  coastal  stands  were  uniformly  re- 
flexed, with  sample  means  of  124°  to  137°.  This 
orientation  was  even  more  pronounced  in  closed- 
cone  stands  near  the  coast:  cones  of  the  Del  Norte 
race  had  the  largest  angles  (mean  146°)  en- 
countered in  lodgepole  pine.  In  the  Sierra- 
Cascade  region,  most  cones  were  perpendicular 
or  slightly  reflexed,  with  sample  means  of  89°  to 
108°.  At  upper  elevations,  some  trees  had  cones 
attached  at  angles  of  70°  to  90°. 


Cone  orientation  was  more  variable  between 
stands  in  the  Rocky  Mountain-Intermountain 
region,  with  sample  means  of  81°  to  123°.  Within- 
stand  variation  was  highest  in  the  northern 
Rocky  Mountains,  where  trees  with  semi-erect 
cones  like  those  of  jack  pine  were  present  in  the 
same  stand  as  trees  with  typical  reflexed  cones. 
The  range  of  tree  means  in  the  region  was  45°  to 
130°.  Northern  Rocky  Mountain  samples  had 
significantly  larger  coefficients  of  variation  (30  to 
35)  than  coastal  or  Sierra-southern  Cascade 
samples  (6  to  15)  (Critchfield  1957). 

Cone  orientation  in  the  interior  of  western 
Canada  was  intensively  sampled  by  Illingworth 
(pers.  commun.,  Jan.  1973).  The  incidence  of  trees 
with  semi-erect  cones  increased  from  0  in  the 
Yukon  to  5  percent  in  the  north  half  of  British  Co- 
lumbia (north  of  latitude  54°30')  and  14  percent  in 
the  south  half  of  the  Province.  Stands  in  the 
Peace  River  region  of  northeast  British  Colum- 
bia, nearest  the  zone  of  current  hybridization,  had 
about  the  same  frequency  of  semi-erect  cones  as 
other  stands  in  northern  British  Columbia.  The 
highest  frequencies  of  semi-erect  cones  (25  to  50 
percent)  were  in  several  stands  scattered  through 
south-central  and  southeastern  British  Columbia. 
This  cone  type  was  also  present  in  southwestern 
Alberta  but  absent  in  an  Alberta  sample  closer  to 
the  western  limits  of  jack  pine. 

Limited  data  from  the  southern  Rocky  Moun- 
tains indicates  that  trees  with  small  cone  angles 
are  occasional  or  rare  there  (Critchfield  1957,  and 
personal  observations).  Semi-erect  cones  have  not 
been  noted  south  of  the  Canadian  border  in  the 
Cascades  or  the  southern  Intermountain  region. 

The  seed  of  lodgepole  pine  is  variable  in  shape 
as  well  as  size.  In  a  comparison  of  coastal  and  in- 
terior seeds,  the  former  were  slightly  shorter, 
less  prominently  ridged,  and  less  pointed  at  the 
end  opposite  the  micropyle  (Roche  1962,  fig.  6). 

Sierra  Nevada  pollen  averages  larger  than  that 
of  the  rest  of  the  species,  and  may  differ  in  mor- 
phological detail.  Axelrod  and  Ting  (1960)  com- 
pared pollen  of  the  Sierra  Nevada  race  with 
coastal  pollen.  Body  length  was  larger  (54  to 
58  fi  compared  with  38.5  to  52  /*),  and  the  reticula- 
tions on  the  pollen  wings  were  very  coarse  and 
distinct  compared  with  the  fine  reticulation  of 
coastal  pollen.  Mack  (1971)  found  nearly  complete 
overlap  in  body  size  of  pollen  from  natural  stands 
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of  the  coastal  and  Rocky  Mountain-Intermountain 
regions.  In  his  two  samples  of  Sierra  pollen  the 
body  size  was  51  and  56  fi  compared  with  a  range 
of  41  to  53  fi  in  a  much  larger  number  of  coastal 
samples. 

Resin 

In  the  Sierra-Cascade  and  coastal  regions,  the 
principal  monoterpene  ( >  50  percent)  of  the  wood 
resin  is  0-phellandrene,  with  lesser  amounts  of 
a-  and  /3-pinene  and  3-carene  (Mirov  1961;  Smith 
1964,  1967).  In  the  northern  Rocky  Mountains, 
resin  composition  shifts  in  the  direction  of  jack 
pine,  in  which  the  monoterpene  fraction  consists 
almost  entirely  of  the  two  pinenes  (Zavarin  and 
others  1969).  In  eastern  Idaho  and  northern  Mon- 
tana samples,  the  mean  percentage  of  /3-phel- 
landrene  was  lower  and  that  of  the  pinenes  was 
higher  than  in  Oregon  and  California  (R.  H.  Smith, 
pers.  commun.,  June  1977).  A  few  trees  in  Mon- 
tana, southern  Alberta,  and  southeastern  British 
Columbia  had  more  a-pinene,  /3-pinene,  or 
3-carene  than  0-phellandrene  (Lotan  and  Joye 
1970,  Shrimpton  1972).  In  lodgepole  stands  37  to 
50  miles  (60  to  80  km)  from  the  limits  of  jack  pine 
in  Alberta,  about  half  of  the  trees  had  only  18  to 
40  percent  j3-phellandrene  (Mirov  1956)  — close  to 
the  levels  in  Fj  hybrids  between  lodgepole  and 
jack  pines  (Zavarin  and  others  1969). 

Stem  cortex  resin  is  similar  in  composition  to 
xylem  resin,  with  j3-phellandrene  and  a-pinene 
the  principal  monoterpenes  in  lodgepole  and  jack 
pines,  respectively  (Dancik  1979).  In  an  analysis  of 
the  two  species  throughout  Alberta,  J.  C.  Pollack 
found  variant  monoterpene  types  in  all  lodgepole 
stands  sampled  in  the  Rocky  Mountains,  extend- 
ing south  almost  to  the  American  border,  but  no 
variants  in  his  lodgepole  sample  from  the  isolated 
Cypress  Hills,  on  the  Alberta-Saskatckewan 
border  (Dancik  1979).  Pollack  interpreted  these 
variants  as  evidence  of  introgression  from  jack 
pine  into  lodgepole  pine. 

The  composition  of  leaf  resin  has  also  been  in- 
vestigated in  western  Canada,  with  results  that 
are  more  difficult  to  interpret.  In  and  near  Alber- 
ta, most  lodgepole  pines  sampled  by  Pauly  and 
von  Rudloff  (1971)  differed  from  a  bulk  sample  of 
Saskatchewan  jack  pine  resin  in  about  a  dozen 
identifiable  constituents,  including  the  four  prin- 


cipal monoterpenes  of  wood  resin.  They  found  no 
trees  with  intermediate  resin  in  the  Cypress 
Hills,  and  few  in  the  Banff  region  and  nearby 
foothills.  From  Banff  north  to  the  western  limits 
of  jack  pine,  however,  10  to  15  percent  of  the 
trees  they  sampled  were  intermediate  in  several 
compounds,  and  two  intermediates  also  resem- 
bled jack  pine  in  lacking  cone  prickles.  Their  in- 
terpretation—that jack  pine  had  influenced 
lodgepole  pine  through  introgression  — was  later 
reconsidered  when  jack  pines  with  similar  in- 
termediate composition  were  found  in  eastern 
Canada  (von  Rudloff  1975). 

A  few  intermediate  trees  — low  in  /3-phellan- 
drene  and  high  in  both  pinenes  — were  also  found 
in  glaciated  and  unglaciated  parts  of  the  Yukon 
(von  Rudloff  and  Nyland  1979).  They  were  greatly 
outnumbered  by  the  common  interior  type,  which 
is  higher  in  /3-phellandrene  and  lower  in 
a-pinene.  Intermediate  trees  were  more  fre- 
quent in  the  Liard  Range  of  southwestern 
Mackenzie  District:  4  intermediates  of  10  trees 
sampled,  compared  with  3  of  79  in  the  Yukon.  The 
Liard  Range  is  near  Nahanni  Butte,  where  lodge- 
pole and  jack  pines  meet  and  hybridize.  (See 
"Natural  hybridization  and  introgression, ")  A 
third  resin  type,  high  in  /3-phellandrene  and  low 
in  both  pinenes,  characterized  about  one-third  of 
the  trees  in  the  Yukon  and  Liard  Range  and  all 
trees  in  two  coastal  samples  (Vancouver  Island 
and  Oregon).  Von  Rudloff  and  Nyland  speculated 
that  the  diversity  of  resin  composition  in  north- 
ern populations  might  be  related  to  the  existence 
of  Pleistocene  refugia  in  the  unglaciated  Yukon. 

A  remarkable  feature  of  these  data  on  leaf 
resin  composition  is  the  tendency  for  groups  of 
monoterpenes  to  vary  together.  This  behavior  is 
in  contrast  to  the  independence  of  individual 
monoterpenes  in  wood  resin  (Zavarin  and  others 
1969). 

Pests 

Some  parasites  and  predators  of  lodgepole  pine 
exhibit  geographic  differences  or  restricted 
distributions  that  may  reflect  inherent  dif- 
ferences between  host  populations  or  races.  One 
example  was  described  elsewhere  (see  "Sexual 
Reproduction"):  the  replacement  of  red  squirrel 
by  Douglas  squirrel  in  the  region  where  the 
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closed-cone  Rocky  Mountain-Intermountain  race 
grades  into  the  open-cone  coastal  and  Sierra- 
Cascade  races.  The  distributional  or  variation 
patterns  of  several  diseases  and  insects  also  sug- 
gest host-race  specificity. 

Three  dwarf  mistletoes  have  limited  distribu- 
tions on  lodgepole  pine.  The  two  interior  races  of 
lodgepole  pine  and  western  populations  of  jack 
pine  are  about  equally  susceptible  to  the  lodge- 
pole pine  dwarf  mistletoe  (Arceuthobium 
americanum)  (Hawksworth  1975).  This  destruc- 
tive mistletoe  infects  a  large  proportion  of  in- 
terior lodgepole  stands.  It  occurs  on  shore  pine 
only  in  one  locality,  north  of  Vancouver,  British 
Columbia,  where  it  extends  within  8  miles  (13  km) 
of  the  coast  (Baranyay  1975).  This  coastward  ex- 
tension was  unknown  when  Kuijt  (1963)  con- 
cluded that  the  western  limits  of  the  mistletoe 
could  probably  not  be  attributed  to  differences  in 
host-race  susceptibility.  Its  presence  near  Van- 
couver indicates  that  it  is  not  climatically  ex- 
cluded from  the  coastal  region,  and  differential 
susceptibility  now  seems  a  more  probable  ex- 
planation for  its  absence  from  shore  pine  gener- 
ally. 

Another  member  of  this  group,  hemlock  dwarf 
mistletoe  (A.  tsugense),  occurs  on  shore  pine  in 
British  Columbia  and  northwest  Washington,  and 
is  common  in  some  stands  on  Vancouver  Island 
(Wass  1976).  Its  primary  host  is  western  hemlock, 
but  shore  pine  is  often  heavily  infected  in  places 
where  hemlock  is  either  absent  or  not  infected. 
This  observation  and  cross-inoculation  tests 
(Smith  1974)  suggest  that  the  mistletoe  on  shore 
pine  is  a  different  ecological  race  from  that  on 
hemlock.  Hemlock  dwarf  mistletoe  has  never 
been  reported  on  lodgepole  pine  outside  this 
region  (Hawksworth  and  Wiens  1972),  although 
the  mistletoe  ranges  as  far  south  as  the  central 
Sierra  Nevada  on  mountain  hemlock,  a  high- 
elevation  associate  of  lodgepole  pine. 

One  of  the  primary  hosts  of  the  digger  pine 
dwarf  mistletoe  (A.  occidentale)  is  bishop  pine  (P. 
muricataj,  which  grows  with  lodgepole  pine  on 
the  Mendocino  White  Plains  and  the  nearby 
coast.  Bishop  pine  is  infected  in  both  areas,  but 
the  mistletoe  has  been  reported  only  on  the 
White  Plains  race  of  lodgepole  pine  (Hawksworth 
and  Wiens  1972). 

The   mountain   pine   beetle  (Dendroctonus 


ponderosaej  is  the  most  destructive  insect  pest  of 
lodgepole  pine,  causing  heavy  mortality  in  stands 
of  the  interior  West.  In  an  analysis  of  genes  con- 
trolling enzymes  (isozymes),  Stock  and  others 
(1978)  found  that  beetles  from  a  locality  in  south- 
central  Oregon  differed  appreciably  from  beetles 
collected  in  three  localities  in  northern  Idaho. 

Several  taxa  in  the  insect  genus  Coleotechnites 
( =  Recurvaria,  Evagoraj  mine  lodgepole  pine 
needles.  The  best  known  is  C.  milleri,  which 
defoliates  and  frequently  kills  trees  in  and  near 
the  Yosemite  region  of  the  Sierra  Nevada 
(Koerber  and  Struble  1971).  A  needle  miner  of 
undetermined  status,  differing  from  C.  milleri  in 
habits  and  life  cycle  (T.  Koerber,  pers.  commun., 
July  1977),  occurs  in  lodgepole  stands  on  the  east 
side  of  the  Sierra  Nevada.  Another  needle  miner, 
differing  from  both  California  forms,  partially 
defoliated  extensive  tracts  of  lodgepole  pine  in 
central  Oregon  but  caused  little  or  no  mortality 
(Mason  and  Tigner  1972).  Two  other  needle 
miners  occur  in  the  Canadian  Rockies:  C.  starki 
which  has  periodically  caused  extensive  defolia- 
tion of  subalpine  lodgepole  pine  in  Alberta  and 
British  Columbia  (Stark  1954),  and  C.  canusella, 
reported  on  lodgepole  pine  near  Shuswap  Lake, 
British  Columbia  (Koerber  and  Struble  1971)  and 
on  jack  pine  in  eastern  Canada  (McLeod  1961). 

Another  insect,  the  lodgepole  terminal  weevil 
(Pissodes  terminalis) ,  kills  the  leaders  of  young 
lodgepole  and  jack  pines,  and  is  believed  to  be 
responsible  for  the  deformities  so  common  in 
some  California  stands  (Salman  1935,  Stark  and 
Wood  1964).  This  weevil  occurs  on  jack  pine  in 
Saskatchewan  and  Manitoba  (Drouin  and  others 
1963)  and  has  been  reported  at  widely  separated 
places  through  most  of  the  inland  range  of  lodge- 
pole pine  (Drouin  and  others  1963,  Stark  and 
Wood  1964,  Amman  1975).  Typical  Pissodes 
damage  has  also  been  observed  in  Mendocino 
White  Plains  stands  (Stark  and  Wood  1964).  The 
weevil  is  chromosomally  polymorphic  and 
thought  to  be  of  hybrid  origin  (Drouin  and  others 
1963).  The  race  that  infests  lodgepole  and  jack 
pines  in  western  Canada  is  grossly  different  in 
morphology  and  biology  from  the  strain  in  the 
Sierra  Nevada  and  southern  Cascades  (Drouin 
and  others  1963,  Stark  and  Wood  1964),  but  the  af- 
finities of  the  weevil  in  other  regions  are 
unknown. 
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Two  minor  insect  pests  have  been  reported  on 
single  races  of  lodgepole  pine.  The  lodgepole  bark 
beetle  (Dendroctonus  murrayanae),  which  occa- 
sionally kills  old  trees  left  after  logging  (Keen 
1952),  is  restricted  to  jack  pine  and  the  Rocky 
Mountain-Intermountain  race  of  lodgepole  pine 
(Wood  1963).  Paritimia  conicola,  the  only  North 
American  longhorn  beetle  known  to  feed  regu- 
larly on  cones,  attacks  two  closed-cone  California 
pines,  P.  attenuata  and  the  White  Plains  race  of 
P.  contorta  (Linsley  1962). 

Natural  Hybridization  and  Introgression 

Pinus  contorta  and  P.  banksiana  hybridize  in 
both  regions  where  they  overlap:  central  and 
west-central  Alberta  between  Edmonton  and  the 
Peace  River-Grand  Prairie  region,  and  the 
southwest  corner  of  the  Northwest  Territories 
near  Nahanni  Butte.  Hybridization  in  the  Nahan- 
ni  Butte  region  was  reported  by  Cody  (1963)  and 
Scotter  (1974).  Cody  also  found  putative  hybrids 
at  two  locations  north  and  east  of  the  known 
range  of  lodgepole  pine.  Scotter's  collections  of 
lodgepole  pine  west  of  the  Nahanni  Butte  area 
show  little  or  no  influence  of  jaek  pine. 

Hybridization  has  been  more  thoroughly  in- 
vestigated in  the  broader  region  of  overlap  in 
Alberta.  Hybrids  were  first  noticed  by  A.  C. 
Holman  (Austin  1929)  and  E.  H.  Moss  (Raup  1942). 
Moss  later  surveyed  the  frequency  and  extent  of 
hybridization,  using  such  criteria  as  cone  orienta- 
tion, curvature,  and  presence  or  absence  of  cone 
prickles  (Moss  1949).  He  found  hybrids  in  many 
localities  within  the  overlap  zone,  together  with 
one  or  both  parent  species.  Only  in  a  few  places 
did  intermediates  outnumber  the  parent  species. 
Mirov  (1956),  utilizing  chemical  and  physical  prop- 
erties of  turpentine,  confirmed  Moss's  observa- 
tion that  hybridization  is  common  in  the  overlap 
region. 

Outside  the  overlap  zones,  lodgepole  pine  has 
influenced  some  western  and  northern  popula- 
tions of  jack  pine,  but  the  degree  of  influence  ap- 
pears to  bear  little  relation  to  distance  from  the 
nearest  lodgepole  stands.  Jack  pine  at  Bruder- 
heim,  Alberta,  only  about  50  miles  (80  km)  east  of 
the  principal  overlap  zone,  shows  little  or  no 
lodgepole  influence  in  its  morphological  (Moss 
1949,  Schoenike  1962)  or  chemical  (Mirov  1956) 


characteristics.  But  lodgepole-like  characters  are 
present  in  jack  pine  stands  220  to  500  miles  (350 
to  800  km)  east  of  the  nearest  known  outliers  of 
lodgepole  pine,  including  Schoenike's  (1962) 
samples  from  Glaslyn  and  Cree  Lake  in  western 
and  north-central  Saskatchewan  and  stands  in  the 
extreme  northeast  corner  of  Saskatchewan 
(Argus  1966).  The  available  evidence  is  insuffi 
cient  to  discriminate  between  several  possible  ex- 
planations of  this  distribution:  (1)  contacts  be- 
tween the  species  during  the  Pleistocene,  (2)  post- 
Pleistocene  introgression  (the  spread  of  genes 
away  from  the  area  of  hybridization,  as  defined 
by  Heiser  1959),  or  (3)  local  foci  of  hybridization 
resulting  from  pollen  transported  for  long 
distances  by  prevailing  westerly  winds. 

Evidence  that  jack  pine  has  influenced  lodge- 
pole pine  far  beyond  the  regions  where  they 
overlap,  as  proposed  by  Critehfield  (1957),  was 
reviewed  by  Zavarin  and  others  (1969).  Although 
it  is  limited  and  somewhat  contradictory,  this 
evidence  suggests  that  in  lodgepole  pine,  as  in 
jack  pine,  the  degree  of  influence  bears  little  rela- 
tion to  distance  from  the  nearest  populations  of 
the  other  species.  Moss  (1949)  found  little  or  no 
jack  pine  influence  in  those  parts  of  Alberta  and 
British  Columbia  immediately  south  and  west  of 
the  principal  overlap  zone.  More  extensive  data 
on  cone  orientation  — probably  the  most  reliable 
morphological  indicator  of  jack  pine  influence 
because  of  the  virtual  absence  of  semi-erect  cones 
outside  the  northern  Rocky  Mountain  region  — is 
generally  in  agreement.  Semi-erect  cones  are 
most  common  in  regions  remote  from  the  overlap 
zone  — southern  Alberta,  southeastern  and  parts 
of  central  British  Columbia,  and  Montana  — not 
adjacent  to  this  zone.  The  data  on  wood  and  cor- 
tex resin  composition  are  too  limited  to  indicate 
degree  of  jack  pine  influence,  but  they  do  support 
the  view  that  this  influence  extends  beyond  west- 
central  Alberta.  In  lodgepole  pine,  in  contrast  to 
the  situation  in  jack  pine,  topographic  barriers 
and  prevailing  wind  direction  make  it  improbable 
that  long-distance  pollen  transport  could  be 
responsible  for  localized  jack  pine  influence  in 
places  remote  from  the  overlap  region.  A  more 
likely  explanation  is  that  (1)  post-Pleistocene  in- 
fluence of  jack  pine  is  mostly  restricted  to  the 
regions  of  overlap,  and  (2)  outside  these  regions, 
widespread  but  nonuniform  jack  pine  influence  is 
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the  result  of  earlier  contacts  between  the  species, 
perhaps  during  Pleistocene  interglacials  in  which 
their  distributions  approximated  their  contem- 
porary distributions. 

A  different  view  was  expressed  by  Yeatman 
(1967),  who  argued  that  the  two  pines  came 
together  for  the  first  time  a  few  thousand  years 
ago.  He  based  his  argument  principally  on  two 
kinds  of  evidence:  (1)  the  limited  and  apparently 
immature  stage  of  introgression  in  and  near  the 
Alberta  overlap  zone,  and  (2)  the  late-Quaternary 
migrational  history  of  jack  pine.  He  accepted 
Wright's  (1964)  conclusion,  based  largely  on  paly- 
nological  evidence,  that  after  Wisconsin  glacia- 
tion  jack  pine  reoccupied  the  Great  Lakes  region 
from  a  refugium  in  the  Eastern  United  States. 
Extending  these  arguments  to  western  Canada, 
Yeatman  concluded  that  jack  pine  occupied  its  en- 
tire present  range  from  an  eastern  refugium, 
reaching  western  Canada  late  in  postglacial  time. 

More  recent  pollen  evidence  tends  to  support 
Love's  (1959)  view  that  jack  pine  also  had  a 
western  refugium,  from  which  it  occupied  its 
range  in  western  Canada.  Pine  appeared  at  a 
cluster  of  sites  in  northern  Saskatchewan  and 
Manitoba  6,500  to  6,000  years  ago,  later  migrating 
south  to  several  sites  near  the  southern  edge  of 
jack  pine's  present  range  (Mott  1973,  Ritchie 
1976).  Jack  pine  is  the  only  pine  in  this  part  of 
Canada,  but  the  identity  of  the  pine  that  appeared 
at  two  sites  in  east-central  Alberta  about  7,500 


years  ago  (Lichti-Federovich  1970,  1972)  is  less 
certain.  These  Alberta  sites  are  within  the  range 
of  jack  pine  and  are  about  20  to  60  miles  (30  to  100 
km)  east  of  the  present  more  or  less  continuous 
distribution  of  lodgepole  pine.  Ritchie  (1976)  in- 
terpreted the  sequence  of  radiocarbon  dates  from 
Alberta  to  Manitoba  as  evidence  for  the  eastward 
migration  of  jack  pine  from  a  refugium  some- 
where east  of  the  Rocky  Mountains.  But  the  ex- 
istence of  lodgepole  pine  outliers  in  northeastern 
Alberta,  including  the  Caribou  and  Birch  Moun- 
tains (Critchfield  and  Little  1966)  and  the 
Christina  Highland  (Achuff  and  LaRoi  1977)  in- 
dicates that  lodgepole  pine  may  have  had  a  more 
extensive  range  to  the  east  and  northeast  at  some 
time  during  the  postglacial  period. 

The  evidence  that  jack  pine  may  have  had  a 
western  refugium  raises  the  possibility  that  it 
and  lodgepole  pine  were  in  sporadic  contact  dur- 
ing glacial  as  well  as  interglacial  periods.  This 
western  refugium  could  have  been  in  the  hypo- 
thetical ice-free  corridor  east  of  the  Rocky  Moun- 
tains, or  it  could  have  been  located  on  the  unglaci- 
ated  highlands  east  of  the  Rockies  and  near  the 
southern  edge  of  the  ice.  Among  the  latter 
possibilities  are  the  Cypress  Hills  of  Saskatchewan 
and  Alberta  (Newsome  and  Dix  1968)  and  several 
isolated  ranges  in  north-central  Montana  (Lemke 
and  others  1965)  now  occupied  by  poorly  known 
outliers  of  lodgepole  pine. 
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V 


Variation  in  Provenance 
Tests 


The  first  plantations  from  seed  of  known  origin 
were  established  in  northwestern  Europe  in  1902 
to  1916.  Encouraging  early  results  in  Finland 
(Tigerstedt  1922,  1927)  and  Ireland  (Forbes  1928) 
stimulated  fairly  widespread  planting  in  the  late 
f  1920's  and  early  1930  s,  mostly  with  seed  of 
unknown  origin.  In  the  British  Isles  and  New 
Zealand,  a  distinction  emerged  between  faster- 
growing  "green"  coastal  strains  and  slower- 
growing  "yellow"  interior  strains.  Known  prov- 
enances sampled  only  a  small  part  of  the  species 
range:  part  of  the  southern  interior  of  British  Co- 
lumbia, Alberta,  and  a  few  poorly  identified 
localities  in  the  United  States.  The  first  large 
tests,  including  30  geographic  origins,  were 
established  at  several  places  in  Britain  in  1937  to 
1942  (Lines  1976b).  The  results  of  these  and  other 
early  tests  were  summarized  by  Edwards  (1954, 
1955). 

Two  general  conclusions  could  be  drawn  from 
these  early  tests:  (1)  lodgepole  pine  probably  had 
greater  variation  associated  with  provenance 
than  any  other  forest  tree  commonly  planted  in 
Europe  (Lines  1966),  and  (2)  interactions  between 
provenance  and  country  (or  region)  were  large. 
Most  coastal  sources  did  not  survive  in  the  cold 
continental  climates  of  Finland  and  Sweden,  and 
in  these  countries  interest  has  since  been 
restricted  mostly  to  central  and  northern  interior 
sources.  In  the  mild  climates  of  Ireland  and  New 
Zealand,  the  superiority  of  coastal  provenances 
was  so  marked  that  interior  provenances  were 
largely  excluded  from  further  consideration.  In 
colder  maritime  climates  like  that  of  northern 
Britain,  no  single  race  showed  comparable  supe- 
riority, and  large  provenance  x  site  interactions 
were  common. 

After  World  War  II,  lodgepole  pine  was 
.  planted  on  a  much  larger  scale  in  several  Euro- 
pean countries.  Of  total  trees  planted,  it  made  up 
31  percent  in  Ireland  by  1954  to  1957  (Mooney 
(1957),  18  to  19  percent  in  Britain  by  1972  (Lines 
1976c),  and  almost  10  percent  in  Sweden  by  1975 
(Lindgren  and  others  1976).  In  Ireland  and  Brit- 
ain, it  is  used  chiefly  for  the  afforestation  of 
peatland  and  other  sites  too  poor  for  other  tree 
species.  In  northern  Sweden,  where  tests  begun 
m  1930  to  1950  sh  owed  that  it  often  grew  faster 
and  produced  more  volume  than  the  native  P. 
sylvestris,  it  is  competitive  for  the  better  sites. 


Accompanying  this  expanded  use  were  more 
ambitious  provenance  tests  in  several  European 
countries  and  New  Zealand,  mostly  established  in 
the  1960's.  These  efforts  of  individual  countries 
were  supplemented  in  the  late  1960's  by  the 
IUFRO  seed  collections  — the  most  extensive  and 
carefully  documented  set  of  lodgepole  pine  prov- 
enances ever  assembled.  Information  on  the  early 
performance  of  IUFRO  and  other  recent  tests 
was  summarized  by  Lines  and  others  (in  Lines 
1976b). 


Survival  and  Hardiness 

Most  lodgepole  pine  provenances  are  cold- 
hardy  in  relatively  mild  climates.  All  provenances 
were  frost-hardy  even  on  relatively  cold  sites  at 
2,200  to  3,100  feet  (670  to  950  m)  in  New  Zealand 
(Miller  1969),  although  in  one  test  above  timber- 
line  at  4,800  feet  (1,460  m),  survival  of  a  naturalized 
strain  of  coastal  origin  and  a  provenance  of  the 
Del  Norte  race  was  lower  than  that  of  interior 
sources  (Cunningham  and  Roberts  1970). 

In  colder  maritime  climates,  low-elevation 
provenances  from  southern  latitudes  may  be 
badly  damaged  by  cold.  In  northern  Scotland, 
southern  Oregon  and  California  coastal  prov- 
enances do  not  fully  harden  in  the  autumn  and  are 
damaged  or  eliminated  by  winter  cold  (R.  Lines, 
pers.  commun.,  June  1978).  Severe  damage  to 
Oregon-coast  sources  in  Denmark  during  an 
unusually  cold  winter  led  Lifting  (1966)  to  con- 
clude that  the  Columbia  River  was  the  approx- 
imate southern  limit  for  coastal  provenances 
suited  to  Danish  conditions.  One  of  several  ex- 
periments in  southern  Norway  suffered  winter  in- 
jury to  the  needles  after  3  years  in  the  field 
(Robak  1976).  Among  six  Alaska  and  interior 
British  Columbia  provenances,  the  most  northern 
Alaska  source  (Skagway)  had  significantly  less 
damage  than  the  others,  and  the  southermost  in- 
terior source  (52°  latitude)  had  significantly  more. 
In  a  plantation  on  the  coast  of  northern  British 
Columbia,  seedlings  of  north-coastal  origins 
showed  a  pronounced  gradient  of  increasing  cold 
resistance  between  the  outer  and  inner  coast; 
sources  from  farther  south  were  damaged  more 
severely  and  uniformly  (Illingworth  1976c). 
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In  cold  continental  regions,  provenances  from 
low  latitudes,  low  elevations,  or  maritime 
climates  suffer  heavy  mortality.  A  severe  winter 
at  a  central  British  Columbia  nursery  killed  or 
badly  damaged  many  seedlings  of  coastal  origin, 
the  extent  of  damage  showing  a  clinal  pattern  (111- 
ingworth  1975).  Coastal  Oregon  and  California 
provenances  suffered  66  to  100  percent  damage; 
and  coastal  Washington  and  Vancouver  Island 
provenances  suffered  3  to  36  percent,  with  a 
sharp  break  at  the  Columbia  River.  In  freezing 
experiments  with  seedlings  from  single  Van- 
couver Island  and  northeastern  British  Columbia 
sources  at  the  end  of  their  second  growing  season 
in  northern  Sweden,  coastal  seedlings  were 
slower  to  develop  frost  resistance,  and  achieved  a 
lower  level  than  interior  seedlings  (Hagner  1970). 
In  Swedish  field  tests,  marked  differences  in  sur- 
vival at  9  years  were  related  to  latitude  of  seed 
source.  Most  of  the  provenances  in  these  planta- 
tions—the first  to  sample  the  extreme  northern 
interior —  were  concentrated  in  interior  British 
Columbia  and  the  Yukon.  At  lower-elevation  sites 
in  central  Sweden,  all  provenances  survived  well 
after  5  years  in  the  field;  but  on  colder  sites,  sur- 
vival showed  a  latitudinal  gradient,  with  heavier 
losses  in  southern  sources.  At  the  coldest  sites, 
near  the  Arctic  Circle,  this  gradient  steepened, 
and  the  more  southern  provenances  survived 
poorly  or  not  at  all.  At  all  sites,  the  best  prov- 
enances equalled  or  exceeded  native  P.  silvestris 
in  survival  (Hagner  1970). 

Greater  differences  in  mortality  were  observed 
at  6  years  among  a  more  diverse  set  of  IUFRO 
provenances  after  4  field  seasons  at  13  sites  in 
central  and  northern  Sweden  (Lindgren  and 
others  1976).  In  31  of  37  provenances  north  of 
54°01'  latitude,  including  six  of  seven  Alaska 
sources,  average  mortality  on  all  sites  was  less 
than  20  percent.  Northern  sources  with  higher 
mortality  included  one  from  the  outer  Alaska 
coast  and  several  from  the  coast-interior  transi- 
tion in  western  British  Columbia  (Skeena  River 
region).  Among  provenances  south  of  54°01 ',  43  of 
46  averaged  more  than  20  percent  mortality.  All 
23  samples  from  the  conterminous  United  States 
were  in  this  group,  and  the  two  southernmost 
coastal  samples  (Puget  Sound  region)  had  the 
highest  mortality:  75  and  71  percent.  At  two  sites 
north  of  the  Arctic  Circle,  the  only  provenances 


averaging  less  than  30  percent  mortality  were 
from  the  Yukon,  extreme  northern  British  Colum- 
bia (north  of  58°),  and  a  few  places  in  coastal 
Alaska.  Elevation  of  seed  source  had  little  in- 
fluence on  mortality  of  provenances  north  of  49°, 
but  among  the  American  provenances  mortality 
decreased  with  increasing  elevation. 

Physiological  characteristics  of  seedlings  have 
been  used  in  Scandinavia  to  measure  cold- 
hardiness  indirectly.  In  a  southern  Norway 
nursery  study  of  provenances  from  the  southern 
two-thirds  of  the  species  range,  Dietrichson  (1970) 
looked  at  dry-matter  content  of  needles,  antho- 
cyanin  pigmentation,  and  lignification  of  the 
outermost  annual  ring  at  the  end  of  the  growing 
season.  Needles  of  2-year-old  seedlings  in  early 
winter  ranged  in  dry-matter  content  from  22  per- 
cent (coastal  California)  to  29  percent  (Alberta, 
Montana,  and  Wyoming).  As  latitude,  elevation, 
and  distance  from  the  coast  increased,  antho- 
cyanins  and  dry-matter  content  increased,  annual 
rings  lignified  earlier,  and  post-storage  mortality 
decreased.  Sierra-Cascade  provenances,  how- 
ever, produced  much  less  anthocyanin  than 
Rocky  Mountain  provenances  of  comparable 
latitude  and  elevation. 

Autumn  color  showed  the  same  trends  in  a  test 
covering  most  of  the  species  range  (Illingworth 
1975).  At  the  end  of  one  season  in  a  Vancouver 
Island  nursery,  12  to  13  percent  of  Alaska  seed- 
lings had  developed  autumn  color  (due  to  antho- 
cyanin production)  by  mid-September,  compared 
to  4  or  5  percent  for  coastal  provenances  south  of 
Alaska.  Among  interior  provenances,  Sierra- 
southern  Cascade  provenances  had  the  fewest 
seedlings  (6  percent)  with  autumn  color,  and  the 
northern  Cascade  region  was  transitional  (17  per- 
cent). Other  interior  regions  ranged  from  a  high 
of  66  percent  in  the  Yukon  and  northern  British 
Columbia,  to  a  low  of  21  to  25  percent  in  a  cluster 
of  provenances  in  southeastern  British  Columbia. 
Illingworth  observed  a  close  relationship  of 
autumn  color  with  latitude,  but  not  with  eleva- 
tion. He  also  noted  qualitative  differences:  Sierra 
Nevada  provenances  turned  a  distinctive  lilac, 
and  those  from  the  northern  interior  ranged  from 
bronze-red  to  dark  purple-gray.  Similar  color  dif- 
ferences between  coastal,  northern,  and  Sierra- 
Cascade  seedlings  were  noted  in  a  large-scale  test 
in  Scotland  (Forestry  Commission  1970). 
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The  early  estimation  of  cold  hardiness  was  also 
investigated  by  Hagner  (1970)  in  2-year  seedlings 
of  northern  provenances  grown  in  Sweden.  In 
British  Columbia  samples,  lignification  was  most 
closely  related  to  latitude  and  to  temperature- 
based  climatic  variables,  followed  by  dry-matter 
content  and  a  measure  of  earliness  of  shoot 
elongation.  Dry-matter  content  (24  to  33  percent) 
was  generally  consistent  with  the  values  of 
Dietrichson  (1970).  Earliness  of  terminal-bud  for- 
mation was  the  only  character  significantly  cor- 
related with  elevation  and  unrelated  to  latitude. 
Local  differentiation  was  suggested  by  the  unex- 
pected behavior  of  two  Yukon  provenances,  the 
most  northern  and  western  samples  in  the  study. 
In  their  low  degree  of  lignification  and  lateness  of 
terminal-bud  formation,  they  resembled  samples 
from  350  to  700  miles  (550  to  1,100  km)  farther 
south.  These  Yukon  provenances  nevertheless 
showed  high  survival  at  9  years  in  the  extreme 
north  of  Sweden  (Hagner  and  Fahlroth  1974),  il- 
lustrating the  limitations  of  early,  indirect 
measures  of  cold  hardiness. 

Provenance  differences  in  dry-matter  content 
of  needles  persist  beyond  the  seedling  stage,  but 
the  percentage  of  dry  matter  increases.  It  ranged 
from  31  (coastal  California)  to  38  percent  (Alberta) 
in  a  6-year-old  plantation  of  45  provenances  in 
Scotland,  with  highly  significant  differences  be- 
tween groups  of  provenances  (Forestry  Commis- 
sion 1976;  R.  Lines,  pers.  commun.,  June  1978). 

Lodgepole  pine  provenances  showed  marked 
differences  in  wind-blasting  damage  (foliage 
browning  and  bud  kill)  on  a  site  in  northeast 
Scotland  (Forestry  Commission  1967).  At  3  years, 
provenances  from  the  outer  coast  of  Washington 
and  Oregon  were  least  damaged,  with  scores  of  41 
to  46.  Provenances  from  less  exposed  parts  of  the 
coastal  region  (Puget  Sound,  southern  Van- 
couver Island)  and  from  interior  regions  were 
more  badly  damaged,  with  scores  of  55  to  71  and 
57  to  64. 

In  a  small-scale  test  of  drought  resistance, 
2-year-old  potted  seedlings  of  a  Sierra  Nevada 
provenance  (Yosemite)  were  much  less  suscepti- 
ble to  moisture  stress  than  seedlings  of  five  prov- 
enances from  coastal  Alaska  and  a  wide  range  of 
latitudes  and  elevations  in  interior  British  Colum- 
bia (Dykstra  1974).  The  Yosemite  seedlings  had 
higher  survival  under  extreme  drought,  and  con- 


tinued to  grow  at  moisture  levels  too  low  for 
growth  of  the  other  provenances.  The  five 
northern  provenances,  although  they  varied 
significantly  among  themselves,  formed  a 
relatively  homogeneous  group  compared  with  the 
Yosemite  source. 

Growth,  Yield,  and  Form 

In  the  mild  climate  of  New  Zealand,  all  but  the 
northernmost  coastal  provenances  are  superior 
to  most  interior  provenances  in  height  and 
volume  growth.  In  one  test  on  a  range  of  sites,  all 
coastal  sources  (Puget  Sound  to  California)  ex- 
ceeded all  interior  sources  in  height  at  5  to  6 
years,  and  were  3  to  4  times  as  tall  as  the  slow- 
growing  provenances  from  the  California  moun- 
tains (Miller  1969,3).  In  another  6-year-old  test, 
consisting  mostly  of  IUFRO-collected  coastal 
provenances  from  Vancouver  Island  to  the 
California  coast,  the  southernmost  sources  and 
several  local  provenances  of  coastal  origin  pro- 
duced 4  to  5  times  as  much  volume  as  the  north- 
ernmost4. In  favorable  circumstances,  New 
Zealand  "green"  strains  sustain  much  higher 
rates  of  diameter  growth  than  trees  in  their 
native  habitat  (Harris  1971),  and  on  better  sites 
may  produce  as  much  as  700  cubic  meters  per  hec- 
tare a,t  35  to  40  years  (Miller  1969).  Even  on  a 
harsh  timberline  site,  local  "green"  strains  were 
growing  faster  than  interior  provenances  at  age 
10  to  11  (Cunningham  and  Roberts  1970). 

Other  tests  in  mild  climates  at  lower  latitudes 
show  a  similar  pattern.  In  a  small  plantation  at 
Placerville,  California,  all  coastal  (Vancouver 
Island  to  California)  and  Mendocino  White  Plains 
provenances  were  taller  at  age  7  than  any 
interior  source  (central  British  Columbia  to  Col- 
orado and  the  southern  Sierra  Nevada)  (Roche 
1962).  In  a  Vancouver  Island  nursery  test  cover- 
ing much  of  the  species  range,  central-  and  south- 


3  Miller,  J.  T.  1971.  Provenance  variation  in  growth  rate  and 
other  characters  in  6-year-old  Pinus  contorta  in  New  Zealand. 
N.Z.  For.  Res.  Inst.  Genet,  and  Tree  Improv.  Rep.  55. 

4  Shelbourne,  C.  J.  A.,  and  J.  T.  Miller.  1976.  Provenance 
variation  in  Pinus  contorta— 6  years  results  from  IUFRO 
seedlots  in  New  Zealand.  N.Z.  For.  Res.  Inst.  Genet,  and  Tree 
Improv.  Intern.  Rep.  102. 
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coastal  provenances  were  tallest  at  2  years  (111- 
ingworth  1975).  Alaskan  and  most  interior  prov- 
enances were  much  shorter,  but  a  cluster  of  prov- 
enances in  southeastern  British  Columbia  and  the 
adjacent  United  States  was  similar  in  height  to 
coastal  provenances  at  the  same  latitude. 

In  the  colder  climate  and  higher  latitude  of 
northern  Britain,  the  superiority  of  coastal  prov- 
enances is  not  as  pronounced  or  consistent.  In  one 
of  the  oldest  tests  for  which  volume  data  are 
available,  an  unreplicated  test  planted  in  1938 
and  1939  in  northeastern  Scotland,  a  northern 
Idaho  provenance  (Priest  River)  produced  slightly 
greater  total  volume  by  age  37  (415  m3  per  ha) 
than  several  coastal  provenances  from  Washing- 
ton and  southwestern  British  Columbia  (Lines 
1976a).  Periodic  height  measurements  of  an  adja- 
cent replicated  test  showed  that  this  Idaho  prov- 
enance was  a  slow  starter,  advancing  in  rank 
from  13th  (of  14)  at  age  12  to  2nd  at  age  20.  A 
Klamath,  Oregon,  provenance  — the  only  repre- 
sentative of  the  Sierra-Cascade  race  in  these 
older  tests  — ranked  at  or  near  the  bottom  in 
height  growth.  It  had  by  far  the  greatest 
diameter  relative  to  its  height  of  any  provenance, 
however,  consistent  with  the  diameter  growth 
and  stocky  form  of  the  Sierra-Cascade  race  in 
nature.  In  other  British  tests  measured  at  25  to  27 
years,  the  largest  volumes  were  produced  by 
provenances  from  coastal  Washington,  the  coast- 
interior  transition  in  British  Columbia,  or  a  local 
forest  of  coastal  origin  (Forestry  Commission 
1967). 

More  recent  tests  in  Britain  and  northern  Ire- 
land, including  a  wider  selection  of  better  identi- 
fied provenances,  gave  mixed  results  at  3  to  9 
years  (Cannell  1974;  Forestry  Commission  1968, 
1972,  1977;  Lines  1976a;  Savill  1976).  Interactions 
were  large,  and  no  single  provenance  or  group  of 
provenances  was  superior.  Oregon  and  Washing- 
ton coastal  origins  were  generally  tallest;  but  on 
some  sites,  provenances  from  the  coast  of 
southern  British  Columbia,  Vancouver  Island,  the 
Skeena  River  coast-interior  transition,  and  the 
southern  interior  of  British  Columbia  ranked  near 
the  top  in  height  growth.  The  few  Oregon 
Cascades  provenances  in  these  tests  (LaPine, 
Cascadia)  were  among  the  slowest  growing. 

In  Germany,  where  lodgepole  pine  is  badly 
damaged    by    pine    shoot    moth  (Rhyacionia 


buolianaj,  relatively  few  provenances  have  been 
tested.  At  15  years,  a  Washington  coast  prove- 
nance was  tallest  at  several  sites  in  West  Ger- 
many, closely  followed  by  Vancouver  Island  and 
interior  British  Columbia  sources  (Stephan  1976). 
Provenances  from  the  southern  Rocky  Mountains 
and  the  Oregon  Cascades  were  below  average  in 
height  on  all  sites,  and  Sierra  Nevada  sources 
were  uniformly  the  slowest  growing. 

In  cold  climates,  the  growth  rate  of  prove- 
nances from  the  coastal  region  south  of  Alaska  is 
reduced.  A  test  largely  confined  to  British  Colum- 
bia and  outplanted  at  two  widely  separated  in- 
terior sites  had  high  survival,  but  5th-year  incre- 
ment of  several  coastal  sources  was  only  61  to  83 
percent  of  the  plantation  average  (Illingworth 
1975).  Local  sources  showed  no  tendency  to  out- 
perform more  distant  ones  at  5  years,  but  by  9 
years  relatively  local  sources  were  performing 
better  at  both  sites  (British  Columbia  Forest  Ser- 
vice 1977). 

The  relationship  between  early  height  growth 
and  both  elevation  and  latitude  was  evident  in  a 
British  Columbia  test  of  five  widely  distributed 
pairs  of  high-  and  low-elevation  provenances 
grown  at  coastal  and  interior  nurseries  (Ill- 
ingworth 1976a).  Third-year  height  varied  in- 
versely with  elevation  and  latitude  in  nearly  all 
comparisons.  An  interesting  exception  — the  slow 
growth  of  a  pair  of  provenances  from  the  north 
end  of  the  Cascades  — is  consistent  with  the  per- 
formance of  Cascade-Sierra  provenances  in  most 
other  tests. 

In  the  harsh  continental  climate  of  northern 
Sweden,  height  growth  of  the  IUFRO  collections 
showed  little  provenance  x  site  interaction  at  6 
years:  provenances  south  of  about  51°  latitude 
did  badly  at  all  sites  (Lindgren  and  others  1976). 
Provenances  with  the  greatest  height  growth 
were  mostly  clustered  near  56°  in  northeastern 
British  Columbia.  California  montane  prove- 
nances predictably  averaged  slower  height 
growth  than  any  other  group. 

Many  of  the  same  IUFRO  collections  were 
represented  in  a  test  in  southern  Finland  (Hahl 
1978).  At  8  years  from  seed,  most  interior  prove- 
nances from  54°  to  56°  latitude  in  British  Colum- 
bia were  taller  than  more  northern  or  southern 
interior  provenances,  and  the  best  were  20  per- 
cent taller  than  select  Scots  pine  origins  in  the 
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test.  The  best  provenances  were  matched  in 
height  growth  by  the  offspring  of  trees  planted  in 
Finland  in  the  1920's  and  1930's.  These  older  tests 
sampled  a  limited  range  of  provenances  (Alberta 
and  parts  of  southern  British  Columbia)  that  are 
probably  suboptimal  for  Finnish  conditions.  On 
good  sites  under  intensive  management,  how- 
ever, they  produced  yields  of  285  to  350  cubic 
meters  per  hectare  at  age  35  (von  Weissenberg 
1972). 

Root  growth  has  received  much  less  attention 
than  shoot  growth,  but  1st-  and  2nd-year  seed- 
lings grown  in  Scotland  were  highly  variable  in 
the  end-of-season  ratio  between  root  and  shoot 
dry  weight  (Forestry  Commission  1971).  Prov- 
enance differences  were  large:  southern  coastal 
sources  had  the  smallest  root/shoot  ratios  and 
Glacier  Bay  — the  most  northern  coastal  popula- 
tion-had the  largest.  Comparable  differences 
among  a  limited  number  of  provenances  were 
found  by  Cannell  and  Willett  (1976)  in  an  analysis 
of  changes  in  this  ratio  during  seedling  develop- 
ment. These  differences  almost  disappeared  dur- 
ing shoot  extension  in  the  second  season,  but 
later  reappeared.  The  authors  concluded  that  a 
relatively  greater  investment  in  roots  was 
associated  with  the  shorter  period  of  shoot 
elongation  in  high-elevation  and  high-latitude 
provenances. 

The  root/shoot  ratio  may  influence  tolerance  to 
prolonged  flooding  (Vester  and  Crawford  1978). 
Provenances  with  the  lowest  ratios  (south  coast, 
coast-interior  transition)  suffered  much  higher 
mortality  than  high-latitude  and  interior  sources. 

Differences  in  the  root/shoot  ratio  persist  at 
least  through  the  fourth  growing  season  (Roberts 
and  Wareing  1975).  At  this  age,  roots  made  up  14 
and  20  percent  of  the  plant's  dry  weight  in  two 
south-coastal  sources,  compared  with  27  and  28 
percent  in  Oregon-Cascade  and  Alberta  sources. 
The  root/shoot  ratios  of  the  coastal  sources  were 
significantly  smaller. 

Root  development  is  of  interest  in  Britain 
because  of  its  probable  relationship  to  a  high  in- 
cidence of  windthrow  and  stem  deformation  in 
faster-growing  provenances  on  many  sites.  At  11 
to  30  years,  south-coastal  provenances  had  by  far 
the  highest  frequency  of  trees  with  basal  sweep, 
exceeding  70  percent  on  some  sites  (Moss  1971). 
Provenances  from  the  interior  wet  belt  of  south- 


eastern British  Columbia  and  adjacent  parts  of 
the  United  States  also  showed  moderately  high 
frequencies  of  basal  sweep  on  some  sites.  These 
data  may  exaggerate  the  problem,  as  Lines  and 
Booth  (1972)  pointed  out,  because  they  include 
unspecified  frequencies  of  trees  with  measurable 
but  small  deviations  from  the  vertical.  In  another 
British  study  of  a  south-coastal  provenance  at  8 
years,  lean  and  basal  sweep  were  significantly 
and  positively  correlated  with  tree  height, 
branchiness,  and  a  less  extensive  root  system 
(Forestry  Commission  1972).  Coastal  x  interior 
hybrids  produced  in  Britain  were  almost  free  of 
basal  sweep  at  6  years,  but  were  comparable  in 
height  to  a  badly  deformed  south-coastal  prov- 
enance (Lines  and  Booth  1972),  suggesting  one  ap- 
proach to  the  genetic  improvement  of  this  trait. 

In  a  6-year-old  New  Zealand  test,  stem  lean  (in- 
cluding basal  sweep)  was  confined  to  central-  and 
south-coastal  provenances  on  a  few  exposed  or 
hardpan  sites.5  Lean  and  height  were  weakly  cor- 
related, and  one  Puget  Sound  provenance 
(Shelton,  Washington)  combined  moderately  good 
height  growth  with  a  fairly  low  degree  of  lean. 

Another  factor  influencing  windfirmness  and 
stem  form  is  amount  and  pattern  of  branching. 
The  coastal  race  tends  to  be  branchier  than  inland 
races,  independent  of  height  growth  rate.  At  3 
years,  coastal  provenances  from  Alaska 
(Skagway)  to  Oregon  had  more  branches  per  plant 
(7.9  to  9.4)  than  central  British  Columbia  or 
Oregon  Cascade  provenances  (6.7),  although  the 
inland  sources  were  taller  than  the  Alaska  source 
(Cannell  and  Willett  1976).  At  9  years,  accumu- 
lated branch  length  per  centimeter  of  stem  height 
was  18  and  19  centimeters  in  the  same  inland 
provenances,  and  24  to  50  centimeters  in  the 
same  range  of  coastal  provenances  (Cannell  1974). 
At  16  to  18  years,  coastal  provenances  averaged 
21  to  55  growing  tips  on  a  6-year-old  branch 
system,  compared  with  10  to  16  for  inland  prove- 
nances with  almost  the  same  range  of  heights 
(Lines  1966).  In  measurements  based  on  the  last 
five  seasons'  shoot  growth  of  trees  about  11  years 
old,  a  coastal  provenance  (Washington)  had  a 
larger  proportion  of  its  dry  weight  in  branches  (28 
percent)  than  an  interior  British  Columbia  prove- 
nance (22  to  24  percent)  and  a  correspondingly 


5  See  footnote  3,  p.  31. 
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reduced  proportion  in  stem  (30  and  35  to  37  per- 
cent) (Thompson  1976). 

Coastal  origins  tend  to  have  larger  branches, 
attached  to  the  stem  at  smaller  angles,  than  in- 
terior origins.  In  a  6-year-old  New  Zealand  test, 
branches  of  the  taller  coastal  provenances  were 
uniformly  longer,  thicker,  and  more  nearly  ver- 
tical than  the  branches  of  Rocky  Mountain- 
Intermountain  and  Sierra-Cascade  provenances.6 
Branch  length,  thickness,  and  angle  (measured 
from  the  horizontal)  were  strongly  and  positively 
correlated  with  each  other  and  with  height 
growth.  Apart  from  the  general  trend,  Rocky 
Mountain-Intermountain  provenances  rather  con- 
sistently had  smaller  and  flatter  branches  than 
the  slower  growing  Sierra-Cascade  provenances. 

Coastal  provenances  also  tend  to  have  more 
branches  in  each  whorl  on  the  main  stem.  Two 
south-coastal  sources  in  northern  Britain  had  6.0 
and  6.2  branches  per  whorl,  and  an  interior 
British  Columbia  source  had  4.8  (Lines  1966).  On  a 
wide  range  of  sites  in  New  Zealand,  coastal  prove- 
nances from  Puget  Sound  to  California  averaged  5 
to  6.5  branches  per  whorl  at  6  years,  compared 
with  2.9  to  4.3  in  Rocky  Mountain-Intermountain 
and  Sierra-Cascade  provenances.7 

Differences  in  the  number  of  branch  whorls 
produced  each  year  are  less  consistent.  South- 
coast  provenances  produce  only  a  single  whorl  in 
Britain  (Forestry  Commission  1968,  Thompson 
1976).  Coastal-interior  transition  (Skeena  River) 
provenances  have  a  high  frequency  of  trees  with 
more  than  one  whorl  (Lines  1966),  and  Queen 
Charlotte  Islands  provenances  have  more  whorls 
than  coastal  provenances  to  the  north  and  south 
(Thompson  1976).  In  New  Zealand,  however, 
coastal  provenances  had  nearly  as  many  whorls 
as  inland  provenances  on  an  array  of  sites,  and 
one  Oregon-coast  source  had  among  the  highest 
frequencies  of  extra  whorls,  averaging  1.4  whorls 
annually.8  In  Scotland,  trees  producing  two 
whorls  had  72  percent  more  primary  branches 
and  a  greater  height  increment  in  2  successive 
years  (plus  26  and  7  percent)  than  single-whorled 
trees  of  the  same  inland  origin  (Thompson  1976). 

See  footnote  3,  p.  31. 

7  n 

See  footnote  3,  p.  31. 

Q 

See  footnote  3,  p.  31. 


Repeated  stem  forking  appears  to  be  under 
genetic  control  in  British  provenance  tests  (R. 
Lines,  pers.  commun.,  June  1978).  Provenances 
from  the  southern  interior  of  British  Columbia 
have  a  much  higher  incidence  of  repeated  forking 
than  central  British  Columbia  or  Cascade 
provenances. 

The  branchier  crowns  of  coastal  trees  tend  to 
have  larger  numbers  of  leaves.  At  9  years,  three 
coastal  provenances  (Alaska  to  Oregon)  had 
19,000  to  56,000  needle-pairs  per  tree,  while 
interior  British  Columbia  and  Oregon-Cascade 
trees  averaged  only  11,000  (Cannell  1974). 

Differences  in  height  increment  among  prove- 
nances are  more  closely  related  to  the  number  of 
leaves  on  the  annual  extension  of  the  leader  than 
to  leaf  spacing  or  photosynthetic  efficiency  (Can- 
nell 1976b,  Roberts  and  Wareing  1975).  Shoots  of 
3-year-old  trees  of  two  south-coastal  and  two  in- 
terior origins  did  not  differ  significantly  in  inter- 
node  length,  but  the  fascicles  of  9-  to  10-year-old 
coastal  trees  were  consistently  more  closely 
spaced  than  those  of  interior  trees  (Cannell  1974, 
1976b).  At  10  years,  internodes  of  three  coastal 
provenances  (Alaska  to  Oregon)  were  1.06  to  1.14 
millimeters  long,  Oregon  Cascades  1.18  milli- 
meters, and  interior  British  Columbia  1.35  milli- 
meters (Cannell  1976b).  First-year  seedlings  of 
two  coastal  and  two  inland  provenances  differed 
significantly  in  net  photosynthetic  rate  and 
relative  leaf  weight  (expressed  as  a  percent  of 
plant  weight),  the  two  coastal  sources  having  the 
highest  and  lowest  values  of  both  variables 
(Sweet  and  Wareing  1968).  These  factors  were 
negatively  correlated,  and  all  four  provenances 
had  nearly  identical  relative  growth  rates  in  their 
first  season.  It  is  uncertain,  however,  to  what  ex- 
tent these  relationships,  based  mostly  on  primary 
leaves,  are  applicable  to  the  secondary  leaves 
(needles)  of  older  plants. 

Compared  to  interior  provenances,  most 
coastal  provenances  produce  more  leaves  on  the 
annual  shoots  of  their  leaders  or  vigorous  upper 
branches  (table  5). 

One  factor  influencing  shoot  growth  is  the 
duration  of  apical  activity,  and  this  varies  strik- 
ingly during  the  first  season  of  growth  in  the 
greenhouse  (Critchfield  1957,  Sweet  and  Wareing 
1968): 
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Region 

South  coast 
Alaska  coast 
Sierra  Nevada 
Oregon  Cascades 
Yukon  to  Colorado 
Alberta 


Days  from  germination  to 
terminal-bud  formation 
Mean  Median 
160-230  165,  215 

116 
130-147 

145 

81-110 

120 


The  fairly  prolonged  growth  period  of  Sierra- 
Cascade  origins,  in  contrast  to  their  slow  growth 
in  older  tests,  suggests  that  the  duration  of  first- 
season  shoot  growth  is  not  a  close  indicator  of 
subsequent  height  growth. 

Table  5.—  Leaf  production  on  annual  shoots  of 
lodgepole  pine 

Pairs  of 


Provenance 

needles  or 

Age 

No. 

Region 

primordia 

Reference 

3 

2 

South  Coast 

394,  471 

Roberts  and 

2 

Rocky  Mts.,  Oreg. 

196,  206 

Wareing 

Cascades 

1975 

3 

4 

Coast  (Alaska-Oreg.) 

220-315 

Cannell 

3 

Interior  B.C.,  Oreg. 

228-251 

1976a 

Cascades 

9 

3 

Coast  (Alaska-Oreg.) 

320-475 

Cannell 

2 

Interior  B.C.,  Oreg. 

229,  225 

1976b 

Cascades 

10 

2 

Alaska,  Oreg.  coast 

189,  248 

Cannell  and 

2 

Interior  B.C.,  Oreg. 

169,  178 

Willett  1975 

Cascades 

growth  in  the  following  year  (Cannell  and  others 
1976),  but  the  onset  of  shoot  elongation  is  con- 
trolled by  other  factors.  In  an  8-year-old  test  in 
central  Sweden,  high-latitude  inland  provenances 
were  about  10  days  ahead  of  a  Vancouver  Island 
provenance  at  all  stages  of  elongation  (Hagner 
and  Fahlroth  1974).  By  early  June,  elongation  was 
58  to  68  percent  complete  in  provenances  north  of 
57°  latitude,  and  42  to  58  percent  complete  in 
Canadian  provenances  south  of  57°.  In  three 
seasons,  an  interior  British  Columbia  provenance 
in  Scotland  completed  50  percent  of  its  height 
growth  12  to  24  days  earlier  than  a  Washington 
coastal  source  (Thompson  1976).  Although  the 
coastal  trees  began  growing  later  in  the  season, 
their  total  period  of  elongation  was  29  and  40  per- 
cent longer  in  two  seasons. 

The  same  pattern  was  evident  in  comparisons  of 
10-  and  11-year-old  trees  of  six  widely  distributed 
interior  and  six  coastal  provenances  on  two  sites 
in  northern  Britain  (Cannell  and  others  1976).  In- 
terior provenances  began  to  elongate  earlier  than 
coastal  provenances  (Alaska  to  Oregon),  peaked 
earlier,  and  slowed  down  long  before  the  central- 
and  south-coastal  sources.  Northern  and  southern 
coastal  sources  peaked  at  the  same  time,  but  the 
southern  group  grew  faster  throughout  the 
season,  had  a  higher  maximum  rate  of  growth, 
and  continued  to  elongate  2  to  6  weeks  after  all 
other  provenances. 


After  the  seedling  stage,  the  number  of  needles 
on  the  annual  shoot  is  determined  by  the  rate  and 
duration  of  leaf  initiation  in  the  bud  during  the 
preceding  season.  In  their  third  growing  season 
in  Scotland,  a  wide  range  of  coastal  and  interior 
provenances  initiated  a  maximum  of  2.2  to  3.2 
lateral  appendages  per  day  (Cannell  1976a).  At  10 
years,  most  provenances  had  lower  maximum 
rates,  with  a  range  of  1.5  to  3.2  appendages  per 
day  (Cannell  and  Willett  1975).  At  both  ages,  most 
coastal  origins  had  higher  maximum  initiation 
rates  than  interior  origins,  and  Oregon-coast 
provenances  had  the  highest  rates.  Initiation 
rates  peaked  between  late  June  and  early 
August,  and  southern  coastal  provenances  con- 
tinued to  initiate  appendages  later  in  the  season 
than  other  provenances. 

The  number  of  needles  in  the  terminal  bud  in- 
fluences both  the  rate  and  duration  of  extension 


Needles 

The  needles  emerge  from  the  bud  after  shoot 
growth  is  well  underway,  and  grow  in  length  from 
a  basal  meristem.  In  Scotland,  needle  elongation 
was  50  percent  complete  about  a  month  after  the 
stem  had  reached  this  stage  (Thompson  1976). 
Needle  elongation  was  about  3  weeks  earlier  in  in- 
terior British  Columbia  provenances  than  in 
south-coastal  sources  (Thompson  1976,  Cannell 
and  other  1976).  Among  coastal  sources  in 
Scotland,  needle  elongation  ceased  in  a  smooth 
latitudinal  gradient,  with  an  Alaskan  source  ter- 
minating about  a  month  before  a  California 
source  (Cannell  and  others  1976).  Some  interior 
provenances  extend  their  needles  more  rapidly 
than  coastal  provenances  (Cannell  and  others 
1976),  and  most  have  longer  needles  by  the  end  of 
the  season. 
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Racial  differences  in  needle  dimensions  are 
generally  more  clear-cut  in  provenance  tests  than 
in  natural  populations,  but  seedling  stages  are  an 
exception.  The  needles  (secondary  leaves)  of  first- 
year  greenhouse-grown  seedlings  of  south-coastal 
provenances  were  about  the  same  length  as  those 
of  their  parents  in  natural  stands,  but  interior 
seedlings  — in  a  reversal  of  the  situation  in 
nature  — had  shorter  needles  than  coastal  seed- 
lings and  much  shorter  needles  than  their  parents 
(Critchfield  1957).  All  seedling  needles  were  more 
slender  than  those  of  their  parents,  but  Sierra 
Nevada  provenances  had  the  widest  needles. 

Second-year  seedlings,  in  contrast,  produce 
needles  that  are  much  longer  than  those  of  older 
trees.  In  a  range-wide  provenance  test  on  Van- 
couver Island,  mean  needle  length  was  7.2  to  10.2 
centimeters  (Illingworth  1975)  — longer  than  in 
natural  populations.  Sierra-southern  Cascade 
needles  were  shortest  (7.2  cm),  and  provenances 
in  the  interior  wet  belt  of  British  Columbia  had 
the  longest  needles  (10.2  cm).  All  other  inland 
provenances  had  needle  lengths  of  8.2  to  9.5  centi- 
meters, a  little  longer  than  coastal  provenances 
(8.0  to  9.1  cm).  A  Norwegian  test  including  many 
provenances  gave  similar  results  (Dietrichson 
1970).  Only  in  a  few  California  sources  (Men- 
docino, Sierra  Nevada)  were  needle  lengths  com- 
parable to  natural  stands  (4.5  and  6  cm).  All  other 
sources  had  much  longer  needles  (8  to  14  cm). 

Older  trees  (16  to  28  years)  at  Placerville,  Calif., 
(Critchfield  1957)  and  in  northern  Britain  (Jeffers 
and  Black  1963,  Critchfield  1957,  Lines  1966, 
1976a)  had  shorter  needles,  and  the  distinction 
between  coastal  and  inland  provenances  was 
sharp.  In  3  years  of  measurements  in  Scotland, 
needle  length  averaged  4.4  to  5.3  centimeters  in 
central-  and  south-coast  provenances  and  5.4  to 
7.3  centimeters  in  inland  provenances,  with  a 
single  Oregon-Cascade  source  having  slightly 
shorter  needles  (5.4  to  6.6  cm)  than  other  inland 
sources  (5.9  to  7.3  cm).  Needle  length  varied  as 
much  as  20  percent  between  years,  but  prove- 
nance ranking  tended  to  be  the  same. 

Differences  in  needle  width  are  also  more 
discrete  in  provenance  tests  than  in  natural 
stands.  In  a  northeast  Scotland  plantation 
measured  by  Jeffers  and  Black  (1963)  and  Lines 
(1976a),  coastal  needles  averaged  1.34  to  1.50 
millimeters   in   width,   Rocky  Mountain-Inter- 


mountain  needles  1.51  to  1.61  millimeters,  and  a 
single  Oregon-Cascade  provenance  1.85  and  1.77 
millimeters.  Southern  Cascade-Sierra  Nevada 
provenances  also  had  consistently  wider  needles 
than  the  rest  of  the  species  in  northern  England, 
New  Zealand,  and  California  (Critchfield  1957).' 
The  influence  of  environment  was  evident  in  the 
wider  needles  of  two  British  Columbia  sources 
grown  in  New  Zealand,  compared  with  the  same 
provenances  in  England. 

Needle  volume  and  dry  weight  also  exhibit 
discrete  differences.  Needle-pair  volume  was  75 
to  83  cubic  millimeters  in  three  coastal  prove- 
nances (Alaska  to  Oregon)  grown  in  Scotland, 
compared  with  90  and  109  cubic  millimeters  in 
single  British  Columbia  and  Oregon-Cascade 
provenances  (Cannell  1974).  Coastal  x  interior 
hybrids  were  similar  in  volume  to  coastal  prove- 
nances. Needle  weight  increased  in  this  sequence: 
north  coast,  south  coast,  interior  British  Colum- 
bia, south-central  Oregon,  and  Sierra  Nevada, 
with  highly  significant  differences  between 
groups  (Forestry  Commission  1970,  1976;  R. 
Lines,  pers.  commun.,  June  1978). 

Like  needle  size,  density  of  stomata  showed 
sharper  regional  differences  in  a  common  en- 
vironment than  in  natural  stands,  although  this 
comparison  was  confounded  with  tree  age  (Ill- 
ingworth 1975).  The  number  of  stomata  per 
square  millimeter  on  the  flat  face  of  the  needle 
was  lower  in  2-year  seedlings  than  in  their 
parents  in  natural  stands,  and  big  differences  be- 
tween interior  British  Columbia  stands  almost 
disappeared  in  two  nurseries.  In  one,  two  coastal 
sources  had  47  to  51  stomata  per  square  milli- 
meter compared  with  34  to  39  for  three  inland 
sources,  and  in  the  other  the  numbers  were  40 
(coastal)  and  30  to  33  (inland).  In  a  nursery  test  in- 
cluding 140  provenances,  coastal  provenances 
averaged  45  to  52,  southern  Cascades-Sierra  39, 
and  all  other  interior  groups  34  to  38  stomata  per 
square  millimeter. 

The  concentration  of  nitrogen,  phosphorus,  and 
potassium  in  the  needles  differed  markedly 
among  provenances  in  Scotland  (Forestry  Com- 
mission 1970).  A  fast-growing  Washington-coast 
provenance  was  lowest  in  nitrogen,  and  it  and 
more  northern  coastal  and  transitional  prove- 
nances were  lowest  in  phosphorus  and  highest  in 
potassium.  A  slow-growing  Oregon  Cascade  prov- 
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enance  was  highest  in  nitrogen  and  phosphorus 
and  low  in  potassium.  It  is  not  clear  how  these 
concentrations  relate  to  nutrient  levels  needed 
for  optimum  growth,  but  Lines  (1966)  suggested 
that  coastal  and  inland  races  may  differ  in 
nutrient  requirements. 

In  those  instances  where  comparisons  are 
possible,  the  number  of  resin  canals  in  the  needles 
is  similar  in  provenance  tests  and  natural  stands 
(Critchfield  1957,  Jeffers  and  Black  1963,  Lines 
1976a).  The  number  of  resin  canals  decreased 
from  the  base  to  the  tip  of  the  needle  in  most 
provenances,  but  in  provenances  from 
southeastern  British  Columbia  and  northern 
Idaho  the  number  increased  (Black  1963b). 

Wood,  Bark,  and  Resin 

Wood  properties  appear  to  be  strongly  in- 
fluenced by  environment,  and  provenance  dif- 
ferences are  not  usually  consistent  with  what  lit- 
tle is  known  of  variation  in  natural  stands.  In  a 
detailed  comparison  of  single  south-coastal  and  in- 
terior British  Columbia  provenances  in  Scotland, 
the  coastal  trees  had  significantly  more  summer- 
wood  and  higher  wood  density,  as  they  do  in 
natural  stands,  as  well  as  shorter  tracheids 
(Henderson  and  Petty  1972).  However,  in  another 
study  of  the  same  plantations,  several  coastal  and 
interior  provenances  had  about  the  same  range  in 
percentage  of  summerwood  (Jeffers  and  Black 
1963).  Coastal  and  interior  provenances  showed 
no  consistent  differences  in  wood  properties  on 
several  sites  in  New  Zealand,  although  some  in- 
terior provenances  were  unexpectedly  higher  in 
percentage  of  summerwood  and  resin  content 
(Harris  1971).  Two  New  Zealand  land-races  of 
coastal  origin  differed  consistently  in  wood  den- 
sity on  several  sites.  In  Finland,  British  Columbia 
trees  had  a  greater  percentage  of  heartwood  than 
Alberta  trees —  probably  because  of  their  greater 
size  — and  a  smaller  percentage  of  bark  (Hakkila 
and  Panhelainen  1970).  Differences  in  cellulose 
and  lignin  content  among  two  coastal  and  two  in- 
land provenances  in  Bavaria  were  small,  although 
one  inland  provenance  (British  Columbia)  was 
higher  in  lignin  than  the  other  inland  (Oregon)  or 
one  coastal  provenance  (Schiitt  1958).  Anatomical 
features  of  the  wood  showed  no  consistent  dif- 
ferences among  several  coastal  and  inland  prove- 
nances (Black  1963a). 


Bark  is  not  a  good  diagnostic  character  in 
plantation-grown  trees  (Lines  1957).  In  one  plan- 
tation in  Scotland,  several  inland  provenances 
(southeastern  British  Columbia  and  the  adjacent 
United  States)  had  thicker  bark  than  central-  and 
south-coastal  provenances  (Lines  1976a). 

Wood  resin  has  not  been  studied  in  provenance 
tests,  but  Forrest  (1977)  analyzed  the  cortex  resin 
of  4-  to  19-year-old  trees  in  many  provenances 
growing  in  Britain.  The  level  of  |3-phellandrene 
was  highest  (82  percent)  in  north-coastal  prove- 
nances, decreasing  gradually  to  the  south  and 
more  abruptly  inland.  Within  the  inland  region,  it 
decreased  from  west  to  east,  and  reached  its 
lowest  level  (15  percent)  in  the  single  Sierra 
Nevada  provenance  analyzed.  Camphene  ex- 
ceeded 1  percent  only  in  a  cluster  of  central 
British  Columbia  provenances  (2.3  percent)  and 
two  provenances  on  the  coast  of  southern  Oregon 
and  northern  California  (3.6  percent).  Carene 
reached  high  levels  in  Alberta,  and  a  single  Men- 
docino (California)  provenance  had  much  more 
carene  than  other  coastal  provenances.  The 
greatest  variability  between  provenances  was  in 
the  Vancouver  Island-Puget  Sound  region,  and 
the  greatest  within-provenance  variability  was  in 
interior  British  Columbia. 


Reproductive  Characters 

Provenance  differences  in  flowering  were 
described  elsewhere.  (See  "Sexual  Reproduc- 
tion.") In  summary,  meiosis  and  flowering  are 
earlier  in  interior  provenances  than  in  coastal 
provenances,  and  Mendocino  White  Plains  trees 
are  later.  Both  coastal  and  White  Plains  trees 
may  be  protogynous,  but  interior  trees  are  not. 
White  Plains  trees  are  much  heavier  pollen  pro- 
ducers than  coastal  trees.  Reproductive  abnor- 
malities are  more  common  in  interior  prove- 
nances. Differences  in  cone-opening  between 
White  Plains  and  coastal  provenances  persist  in  a 
common  environment. 

Northern  coastal  provenances  began  to  pro- 
duce cones  at  an  earlier  age  than  southern  prov- 
enances in  New  Zealand9  and  Britain  (Lines 


9  See  footnote  4,  p.  31. 


1977)  .  At  6  years,  14  to  47  percent  of  trees  from 
Oregon  to  Vancouver  Island  were  producing 
cones  in  New  Zealand,  compared  with  only  2  per- 
cent of  trees  from  the  California  coast  and  Men- 
docino White  Plains. 

Cone  density  was  more  uniform  in  provenance 
tests  than  in  natural  stands,  and  in  Britain  and 
New  Zealand  only  the  lower-density  cones  of  an 
Oregon-Cascades  provenance  were  very  different 
from  the  cones  of  other  provenances  (Critchfield 
1957).  New  Zealand  trees  had  denser  cones  than 
trees  of  the  same  provenances  grown  in  Britain. 
One  New  Zealand  land-race  (Waiotapu)  has 
serotinous  cones  (Harris  1971),  but  in  Britain  the 
serotinous  habit  was  just  beginning  to  show  up  in 
Alberta  provenances  at  45  years  (Lines  1977). 

Variations  in  cone  orientation  in  British  prov- 
enance tests  indicate  that  this  characteristic  is 
strongly  inherited  (R.  Lines,  pers.  commun.,  June 

1978)  .  Coastal  provenances  have  strongly  re- 
flexed  cones,  and  the  highest  frequency  of  semi- 
erect  cones  is  in  provenances  from  Alberta  and 
the  southern  interior  of  British  Columbia. 

A  few  coastal  and  interior  provenances  grown 
in  Britain  were  similar  in  seed  size,  with  one  ex- 
ception: an  Oregon-Cascade  provenance  had 
larger  seeds  (Jeffers  and  Black  1963).  Seed  weight 
of  a  larger  number  of  provenances  in  Britain  was 
more  variable,  and  corresponded  in  a  general  way 
to  regional  variations  in  natural  populations  (R. 
Lines,  pers.  commun.,  June  1978). 

Pests  and  Air  Pollution 

In  Ireland,  damage  to  foliage  by  the  sawfly 
(Diprion  pinij  was  more  severe  on  the  slower- 
growing  inland  provenances  than  on  coastal  trees 
(Lines  1957).  Another  insect,  the  pine  shoot  moth 
(Rhyacionia  buoliana),  damaged  coastal  prov- 
enances more  severely  in  Denmark  (Feilberg 
1964)  and  West  Germany  (Stephan  1976).  The 
amount  of  damage  varied  greatly  among  sites  in 
Germany,  but  two  coastal  provenances  con- 
sistently suffered  more  damage  than  the  widely 
scattered  inland  provenances.  Damage  by  this  in- 
sect is  a  critical  problem  in  the  Netherlands,  and 
the  fastest  growing  provenances —  both  coastal 
and  interior  — are  the  most  severely  damaged 
(Kriek  1976). 


In  Scotland,  provenances  artificially  inoculated 
with  a  canker-forming  fungus  (Crumenula 
soraria)  varied  widely  in  susceptibility,  but  much 
of  the  variation  was  unrelated  to  region  of  origin 
(Hayes  1975).  The  susceptibility  of  Alberta  and 
Sierra-Cascade  provenances  was  confirmed  by 
observations  of  plantations,  and  south-coastal 
provenances  were  moderately  resistant.  How- 
ever, in  other  parts  of  the  range,  interior  British 
Columbia  in  particular,  there  were  large,  signifi- 
cant differences  between  provenances  in  the 
same  region. 

In  a  nursery  in  interior  British  Columbia,  the 
shoot  blight  Sirococcus  strobilinus  infected  and 
sometimes  killed  2  to  10  percent  of  lst-year  seed- 
lings from  the  interior  wet  belt  of  British  Colum- 
bia, the  Cascades,  and  the  Sierra  Nevada  (111- 
ingworth  1973).  Seedlings  of  coastal,  northern, 
and  eastern  provenances  were  less  susceptible, 
with  less  than  1  percent  infection. 

A  New  Zealand  test  showed  a  remarkably 
steep  gradient  among  coastal  provenances  in 
damage  by  the  introduced  opossum  (Trichosurus 
vulpecula)10.  The  southernmost  of  three  Califor- 
nia provenances  had  98  percent  damage,  decreas- 
ing to  57  percent  in  the  northernmost.  More 
northern  provenances  (Oregon  to  Vancouver 
Island)  suffered  much  less  damage:  4  to  21  per- 
cent. Four  New  Zealand  provenances  of  coastal 
origin  had  the  same  high  levels  of  damage  as  the 
southernmost  California  sources  (87  to  98  per- 
cent). 

Another  striking  sample  of  differential  animal 
damage  was  noted  by  von  Weissenberg  (1972)  in  a 
test  of  IUFRO  provenances  in  Finland.  Hares 
killed  all  trees  of  a  provenance  from  the  southern 
California  mountains,  while  the  other  20  prove- 
nances—all from  Canada  — were  undamaged. 

In  Germany,  foliage  of  one  Saskatchewan  and 
two  Alberta  provenances  was  significantly  less 
damaged  by  sulfur  dioxide,  a  common  industrial 
air  pollutant,  than  foliage  of  other  inland  prove- 
nances (Tzschacksch  and  others  1969).  First-year 
seedlings  of  a  Washington  coastal  provenance 
were  more  severely  damaged  than  seedlings  from 
the  Oregon  Cascades,  Idaho,  and  Wyoming  (Lang 
and  others  1971). 


See  footnote  4,  p.  31. 
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Local  Variation 

In  addition  to  broad  regional  trends,  prove- 
nance tests  sometimes  provide  evidence  of 
ecological  races  or  ecotypes,  usually  associated 
with  localized  edaphic  conditions.  Most  of  the 
local  races  identified  in  lodgepole  pine  are  in  the 
coastal  region. 

"Mendocino"  sources  in  some  provenance  tests 
cannot  be  assigned  to  the  White  Plains  or  the 
nearby  coast,  but  in  a  6-year-old  New  Zealand  test 
a  White  Plains  provenance  produced  only  55  to  63 
percent  as  much  volume  as  California  coastal 
provenances  to  the  north  and  south11.  However, 
it  is  uncertain  whether  slower  growth  is  typical  of 
the  White  Plains  race.  The  largest  trees  of 
lodgepole  pine  in  cultivation,  growing  in  western 
Ireland,  were  probably  of  White  Plains  origin 
(Hanan  1963).  They  had  reached  maximum 
heights  of  102  feet  (31  m)  and  diameters  of  3  feet  5 
inches  (1  m)  at  75  to  80  years  before  some  of  them 
were  blown  down  in  a  gale.  In  small-scale  field 
tests  in  California,  planted  trees  grown  from 
White  Plains  seed  survived  and  grew  better  on  a 
White  Plains  site  than  trees  of  several  other 
provenances,  including  the  nearby  coastal  bluffs 
(McMillan  1964).  The  coastal  trees  were  com- 
pletely eliminated  between  2  and  13  years  after 
outplanting  on  the  White  Plains.  Wildlings 
transplanted  from  the  coast  to  the  White  Plains 
had  low  survival  and  poor  growth,  and  the  sur- 
vivors retained  their  open-cone  habit. 

Provenances  from  ultramafic  soils  in  the  moun- 
tains of  Del  Norte  County,  California,  were  in- 
termediate in  growth  between  south-coastal  and 
inland  provenances  in  several  tests  (New 
Zealand:  Cunningham  and  Roberts  1970, 12;  north- 
ern Ireland:  Savill  1976).  In  its  cortex  mono- 
terpenes,  however,  the  group  resembled  south- 
coastal  provenances  more  closely  than  it  did  the 
Sierra-Cascade  race  to  the  east  (pers.  commun.,  R. 
Lines,  Aug.  1977). 

Lodgepole  pine  also  grows  on  ultramafic  soils 
at  several  places  in  the  Cascades  and  Puget 
Sound  region  of  northwest  Washington,  and 
Kruckeberg  (1967)  suggested  that  it  is  locally 


11  See  footnote  4,  p.  31. 

12 

See  footnote  4,  p.  31. 


adapted.  Three  ultramafic  provenances  were 
significantly  taller  than  two  non-ultramafic  prov- 
enances after  38  months  of  growth  on  an  ultra- 
mafic soil,  but  growth  was  not  compared  on  non- 
ultramafic  soil. 

Evidence  for  distinct  muskeg  and  sand-dune 
ecotypes  in  the  central  coastal  region  was 
presented  by  Shelbourne  and  Miller13.  They  in- 
terpreted the  Queets  provenance,  from  a  peat  bog 
in  western  Washington,  as  a  southern  outlier  of  a 
slow-growing  but  straight-stemmed  muskeg  eco- 
type  on  the  west  coast  of  Vancouver  Island  and 
farther  north.  Supporting  this  interpretation,  the 
cortex  monoterpenes  of  the  Queets  provenance 
were  like  those  of  muskeg  provenances  to  the 
north,  and  unlike  those  of  provenances  from 
coastal  dunes  farther  south  (pers.  commun.,  R. 
Lines,  Aug.  1977). 

Land-Races 

Naturalized  strains,  or  land-races,  of  tree 
species  grown  outside  their  natural  range 
sometimes  outgrow  comparable  provenances  in- 
troduced directly  from  the  native  range  of  the 
species.  This  competitive  edge  is  probably  com- 
pounded of  one  or  more  generations  of  natural 
selection  plus  wide  outcrossing.  In  Finland,  a 
group  of  land-races  that  had  originated  in  the 
southern  part  of  western  Canada  was  11  percent 
taller  at  8  years  than  a  comparable  group  of  Cana- 
dian provenances  and  about  equalled  in  height 
the  tallest  group  of  provenances,  which  origi- 
nated farther  north  in  Canada  (Hahl  1978). 

In  less  stringent  environments,  land-races  of 
lodgepole  pine  are  not  necessarily  superior  to 
natural  provenances —  at  least  in  the  environ- 
ments to  which  they  have  presumably  adapted. 
Irish  provenances,  mostly  of  coastal  origin,  were 
generally  equal,  but  not  superior,  to  south-coastal 
provenances  in  5-  to  8-year-old  tests  in  Ireland 
(O'Driscoll  1972,  Savill  1976).  However,  at  two 
sites  in  the  Netherlands,  a  few  of  the  many  Irish 
provenances  tested  were  growing  faster  at  9  to  11 
years  than  any  south-coastal  provenance  in  the 
tests  (Kriek  1973,  1976).  Local  provenances  in 
Britain  display  no  consistent  superiority  in  either 
growth  rate  or  form  (Forestry  Commission  1967, 
Lines  1976a). 

13  See  footnote  4,  p.  31. 
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Two  of  the  better  known  land-races  in  New 
Zealand  are  the  second-  and  third-generation  Ka- 
ingaroa  and  Waiotapu  strains,  both  probably  of 
coastal  origin.  These  and  other  New  Zealand  land- 
races  of  coastal  origin  have  generally  matched, 
but  not  excelled,  the  fast-growing  south-coastal 


provenances  in  growth  and  form  (Miller  1969, 14- 
*5).  Remarkably,  the  Kaingaroa  strain  equalled  or 
surpassed  in  height  growth  the  fastest-growing 
south-coastal  provenance  3  years  after  outplac- 
ing in  Scotland  (Lines  1976a)  and  Ireland 
(O'Driscoll  1972). 


See  footnote  3,  p.  31. 
See  footnote  4,  p.  31. 


Controlled  Hybridization 


Except  for  Pinus  banksiana  and  P.  virginiana, 
all  attempts  to  cross  P.  contorta  with  other  pines 
have  been  unsuccessful.  Many  attempts  to  cross 
this  species  with  P.  sylvestris  of  subsection 
Sylvestres  have  yielded  only  hollow  or  ungermin- 
able  seed  (Brown  1970,  Duffield  1952,  Ehrenberg 
and  others  1955).  Early  reproductive  breakdown 
is  indicated  by  increased  conelet  abscission 
(Hagman  1964)  and  greatly  reduced  numbers  of 
hollow  seed  (Brown  1970).  A  few  crosses  with 
other  species  in  Sylvestres  have  also  failed  (Duf- 
field 1952;  unpublished  data,  IFG).  Unsuccessful 
crosses  have  also  been  attempted  with  other 
western  American  pines,  including  the  sympatric 
P.  jeffreyi  P.  muricata,  and  P.  washoensis,  and 
the  allopatric  P.  coulteri  and  P.  radiata  (Duffield 
1952;  Unpublished  data,  IFG). 

In  recent  crosses  at  Placerville,  one  of  several 
P.  virginiana  pollen  parents  yielded  many  ger- 
minable  seeds  in  crosses  with  any  of  several 
Sierra  lodgepole  females.  The  offspring  were 
definitely  hybrids:  most  seedlings  were  chlorotic 
and  dwarfish,  unlike  their  lodgepole  half-sibs,  and 
many  died  not  long  after  germination  (Unpub- 
lished data,  IFG). 

The  first  successful  controlled  cross  between  P. 
contorta  and  P.  banksiana  was  made  in  1939  on  a 
native  Sierra  Nevada  lodgepole  pine.  The  hybrids 
were  described  and  named  P.  murraybanksiana 
by  Righter  and  Stockwell  (1949).  This  cross  has 
been  repeated  many  times  on  Sierra  Nevada 
trees,  usually  with  considerable  success.  Of  37 
crosses  with  jack  pines  of  varied  geographic 
origin,  all  accompanied  by  within-species  control 
crosses,  31  produced  germinable  hybrid  seed. 
Average  crossability  (seed  yield  relative  to 
within-species  yield)  was  31  percent,  a  moder- 
ately high  level  compared  with  other  species  com- 
binations in  Pinus. 

Despite  the  close  relationship  of  the  parent 
species,  some  Fx  and  advanced-generation 
hybrids  produce  a  larger  percentage  of  aborted 
pollen  than  any  other  pine  species  or  hybrid  so  far 
investigated  (Saylor  and  Smith  1966).  In  the  first 
Fx  progeny,  Righter  and  Stockwell  (1949) 
reported  40  to  50  percent  aborted  pollen,  and 
Saylor  and  Smith  (1966)  found  0.5  to  27.5  percent. 
In  a  large  number  of  F2  and  F3  hybrids  derived 
from  this  progeny,  Saylor  (pers.  commun.,  Feb. 
1972)  encountered  pollen  abortion  levels  of  0  to  42 


percent.  High  percentages  of  aborted  pollen  are 
not  confined  to  this  family:  one  or  more  natural 
hybrids  also  produced  50  percent  aborted  pollen 
(Moss  1949).  Pollen  abortion  is  not,  however,  a 
general  property  of  lodgepole  x  jack  pine 
hybrids;  several  F/s  in  other  unrelated  families 
produced  at  Placerville  all  had  less  than  2.2  per- 
cent aborted  pollen  (Saylor  and  Smith  1966; 
Saylor,  unpublished  data).  It  is  possible  that 
pollen  abortion  is  under  simple  genetic  control, 
segregating  in  the  haploid  pollen.  This  is  sug- 
gested by  (1)  the  presence  of  either  high  (>  22 
percent)  or  low  (<  4  percent)  levels  of  abortion  in 
nearly  all  trees  of  the  affected  lineage,  and  (2)  the 
apparent  lack  of  relationship  between  the  amount 
of  aborted  pollen  and  the  amount  of  meiotic  ir- 
regularity (Saylor  and  Smith  1966;  Saylor,  un- 
published data). 

Despite  these  levels  of  aborted  pollen,  Fj  to  F3 
hybrids  produce  some  sound  seed  in  most  com- 
binations (Righter  and  Stockwell  1949,  unpub- 
lished data,  IFG).  The  presence  of  more  than  one 
egg  in  the  female  gametophyte,  providing  a 
margin  for  reproductive  error,  may  explain  the 
failure  of  aborted  pollen  to  markedly  influence 
hybrid  reproductive  capacity  (Righter  and 
Stockwell  1949). 

Hybrids  of  Sierra  Nevada  lodgepole  pine  and 
jack  pine  are  poorly  adapted  to  the  native  range 
of  jack  pine.  Backcrosses  of  Fx  hybrids  to  jack 
pine  suffered  relatively  heavy  winter  injury  in 
northern  Ontario  at  7  to  8  years  (Yeatman  and 
Hoist  1972).  In  northern  Wisconsin,  winter  injury 
to  the  foliage  of  6-year-old  hybrids  and  hybrid 
derivatives  was  roughly  proportional  to  the 
genetic  contribution  of  Sierra  lodgepole  pine 
(Rudolph  and  Nienstadt  1962).  At  several  sites  in 
the  Great  Lakes  region,  Fj  hybrids  were  more 
susceptible  than  jack  pine  to  sweetfern  and 
eastern  gall  rusts  (Anderson  and  Anderson  1965). 

The  performance  of  lodgepole  x  jack  pine 
hybrids  is  somewhat  better  in  the  northern 
Rocky  Mountains.  Field  tests  in  Montana  and 
Idaho  were  assessed  by  Lotan  (1967b)  and 
Rehfeldt  and  Lotan  (1970),  most  recently  at  17  to 
20  years.  Genotype-site  interactions  were  large, 
and  neither  California  nor  Montana  hybrids  with 
jack  pine  exhibited  any  clear-cut  superiority  to 
northern  Rocky  Mountain  lodgepole  pine  in 
height  and  diameter  growth.  In  these  tests  and  at 
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Placerville,  Sierra  Nevada  lodgepole  pine  was 
slower  growing  than  the  hybrids,  jack  pine,  or 
Rocky  Mountain  lodgepole  pine. 

Differences  between  lodgepole  and  jack  pines 
in  turpentine  composition  segregated  in  the  F2 
and  F3  hybrid  and  backcross  generations,  sug- 
gesting that  the  differences  are  controlled 
primarily  by  a  limited  number  of  major  genes 
(Zavarin  and  others  1969).  All  Fj  hybrids  had 
0  -phellandrene  in  their  turpentine,  but  some  F2 
and  F3  hybrids  and  most  backcrosses  to  jack  pine 
lacked  |3-phellandrene  and  had  turpentine  con- 
sisting mostly  of  pinenes. 

No  significant  genetic  barriers  have  been  en- 
countered in  crosses  between  geographic  races  of 
lodgepole  pine.  Hybrids  of  the  coastal  (including 
Mendocino  White  Plains)  and  Sierra  Nevada 


races  have  desirable  attributes  as  Christmas 
trees  in  some  environments.  These  hybrids  were 
produced  and  tested  on  a  large  scale  in  a  breeding 
program  financed  by  the  California  Christmas 
Tree  Growers  Association  (Critchfield  1965).  In  a 
total  of  more  than  100  crosses  in  both  directions 
between  trees  of  coastal  origin  at  Placerville  and 
Sierra  Nevada  trees  in  natural  stands,  interracial 
and  intraracial  crosses  yielded  nearly  equal 
amounts  of  sound  seed. 

Crosses  between  coastal  and  inland  races  have 
been  made  on  a  fairly  large  scale  in  Britain,  with 
the  objective  of  combining  the  greater  vigor  of 
south-coastal  trees  and  the  straighter  stems,  nar- 
rower crowns,  and  finer  branches  of  inland  prove- 
nances, mostly  in  interior  British  Columbia 
(Forestry  Commission  1969,  1970). 
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Cytogenetics 


Like  all  other  pines,  lodgepole  pine  is 
remarkably  uniform  in  chromosome  number  and 
morphology.  It  has  a  diploid  complement  of  24 
large  chromosomes,  and  the  karyotype  closely 
resembles  that  of  other  species  in  subsection  Con- 
tortae  (Saylor  1972).  Trees  of  coastal  and  interior 
(Montana)  origins  growing  in  coastal  British  Co- 
lumbia had  a  haploid  chromosome  number  of  12, 
determined  at  meiosis  (Ho  and  Owens  1974). 
Nuclear  size  and  amount  of  nuclear  DNA  are  also 
constant  (Teoh  and  Rees  1976).  Root  tips  of  seed- 
lings from  nine  widely  scattered  localities  (in- 
terior and  coastal-interior  transition  of  British 
Columbia,  and  Oregon  Cascades)  showed  no  sig- 
nificant variation  in  either  feature. 

Trees  of  coastal  and  inland  sources  growing  in 
Sweden  had  a  low  frequency  of  chromosomal  ir- 
regularities at  meiosis  (Ekberg  and  others  1972). 
On  the  British  Columbia  coast,  Montana  trees  had 
a  higher  frequency  of  meiotic  abnormalities  (4.3 
percent)  than  native  shore  pines  (1.5  percent),  and 
the  pollen  of  one  Montana  tree  also  had  a  high  fre- 
quency (12  percent)  of  abnormalities  in  size  or 
structure  (Ho  and  Owens  1974). 


Meiotic  irregularities  were  more  common  in 
lodgepole  and  jack  pines  and  their  Fx  hybrids 
growing  at  Placerville  (Saylor  and  Smith  1966). 
The  most  frequent  were  precocious  disjunction, 
univalents,  lagging  chromosomes,  inversion 
bridges,  and  micronuclei.  Among  F,  to  F3  hybrids, 
high  levels  of  meiotic  irregularities  were  about 
equally  frequent  in  trees  with  high  (>  20  percent) 
and  low  (<  4  percent)  levels  of  aborted  pollen 
(L.  C.  Saylor,  pers.  commun.,  Feb.  1972). 

A  few  triploid  seedlings  were  produced  from 
crosses  between  two  untreated  trees  and  a 
28-year-old  tree  that  had  been  treated  with  col- 
chicine as  a  newly  germinated  seedling  (Johnsson 
1975).  Meiosis  was  fairly  normal  in  the  treated 
tree,  although  lagging  chromosomes  were  com- 
mon. Its  pollen  grains  had  24  or  48  chromosomes, 
and  about  20  percent  had  an  extra  air  sac  or  other 
abnormality.  The  triploid  seedlings  all  died  soon 
after  germination,  and  it  was  not  fully  established 
whether  they  actually  had  three  complete  sets  of 
chromosomes. 
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Genetic  Improvement 


Many  attributes  of  lodgepole  pine  make  it  well 
suited  for  use  in  genetically  improved,  short- 
rotation  plantations  managed  intensively  for 
fiber  or  solid  wood.  Selection  is  simplified  by  the 
typical  occurrence  of  the  species  in  extensive, 
even-aged  stands  with  substantial  tree-to-tree 
variability  (Illingworth  1975).  Most  strains  have 
relatively  rapid  early  growth;  the  Sierra-Cascade 
race  is  an  exception.  Pollen  and  seed  are  pro- 
duced early  in  life,  regularly,  and  abundantly;  a 
large  proportion  of  the  strobili  develop  into 
cones;  cone  and  seed  predators  are  not  a  major 
problem;  and  the  seed  germinates  readily  and 
completely.  Where  serotinous  cones  are  present, 
seed  is  available  throughout  the  year.  Vegetative 
propagation  is  not  difficult.  Hybridization  of  pro 
venances  and  races  is  easy,  with  no  known 
genetic  barriers  between  populations. 

Within  the  native  range  of  lodgepole  pine, 
these  advantages  were  outweighed  by  low 
economic  values  until  about  1970.  In  British  Co- 
lumbia, the  species  was  hardly  planted  until  the 
mid-1960's,  but  by  1972  8  million  seedlings  were 
planted  annually  in  the  interior  (Illingworth 
1975).  With  its  extensive  forests  of  interior 
lodgepole  pine,  British  Columbia  has  the  most 
elaborate  and  advanced  lodgepole  improvement 
program  in  North  America.  Unlike  most  efforts 
aimed  at  the  improvement  of  a  native  species, 
this  program  has  emphasized  provenance  testing. 
In  1974,  subsets  of  a  total  of  150  provenances 
were  planted  at  60  locations  throughout  the  in- 
terior of  the  Province16.  Individual  tree  selection 
was  begun  in  1974  (fig.  4).  By  1979  it  was  com- 
pleted in  four  well-defined  "selection  units": 
areas  with  good  access,  more  productive  sites, 
and  often  a  high  frequency  of  non-serotinous 
cones  and  a  greater  regeneration  problem  (Illing- 
worth 1975,  Wheeler  1979).  In  1974  a  grafted 
clonal  seed  orchard  derived  from  part  of  interior 
British  Columbia  was  established  (Industrial 
Forestry  Association  1978).  Survival  of  grafts 
from  trees  selected  in  the  Prince  George  region 
averaged  47  percent  by  late  1976,  with  much  bet- 
ter success  in  the  greenhouse  than  in  the  field 
(British  Columbia  Forest  Service  1977).  In  north- 
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ern  British  Columbia  and  the  Yukon,  field  selec- 
tion is  a  joint  effort  with  Swedish  organizations 
(N.  Wheeler,  pers.  commun.,  Jan.  1977).  Estimates 
of  the  heritability  of  3d-year  height,  based  on  124 
families  from  10  British  Columbia  localities,  are 
encouragingly  high:  0.57  and  0.23  at  two  widely 
separated  nurseries  (Illingworth  1976a). 

The  most  advanced  program  in  the  United 
States  is  that  of  the  Weyerhaeuser  Company  in 
south-central  Oregon.  Begun  in  1970,  it  includes 
about  1,200  trees,  mostly  10  to  40  years  old, 
selected  at  low  intensity  and  grafted  into  a  clonal 
seed  orchard  remote  from  natural  stands  (Black- 
man  1978,  J.  D.  Daniels,  pers.  commun.,  March 
1978).  Much  of  the  breeding  (a  disconnected  par 
tial  diallel  scheme)  has  been  completed  for  prog 
eny  tests  of  the  select  trees. 


Figure  4.  — Select  tree  growing  in  the  Nilkitwa  drainage,  about 
50  miles  north  of  Smithers,  British  Columbia  (photo  by 
N.  C.  Wheeler). 
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The  Forest  Service  has  initiated  improvement 
programs  in  its  Northern  (northern  Idaho,  Mon- 
tana) and  Pacific  Northwest  (Washington, 
Oregon)  Regions.  In  the  Northern  Region,  open- 
pollinated  seed  for  progeny  testing  is  collected 
from  about  50  trees  selected  at  low  intensity  (1  in 
50  to  100)  on  each  National  Forest.  The  trees  are 
concentrated  in  a  few  good  stands,  with  5  to  10 
select  trees  in  each  stand.  Seedling  seed  orchards 
will  ultimately  be  produced  from  crosses  of  the 
better  families  in  the  progeny  tests  (Howe  1973, 
17).  The  Pacific  Northwest  Region  has  emphasized 
the  development  of  methods  for  screening  seed- 
ling progenies  for  resistance  to  western  gall  rust, 
a  serious  disease  that  exhibits  great  tree-to-tree 
variation  in  natural  stands.  A  trial  run  for  large- 
scale  screening  was  successfully  completed  in 
1976  (Industrial  Forestry  Association  1975,  1977). 

Outside  the  native  range  of  lodgepole  pine, 
provenance  selection  has  been  supplemented  in 
recent  years  with  other  approaches  to  improve- 
ment. In  New  Zealand,  where  lodgepole  pine  has 
a  minor  role  for  planting  on  difficult  sites,  a  selec- 
tion program  begun  in  the  late  1960's  is  based  on 
two  local  land-races  of  coastal  origin  (Miller  1969). 
These  strains  have  matched  the  best  of  the  south- 
ernmost coastal  provenances  in  early  testing,  and 
may  have  originated  in  the  same  optimum  region. 
About  100  trees  of  each  strain  were  selected  at 
the  relatively  high  intensity  of  1  in  2,000.  Open- 
pollinated  progeny  of  select-tree  grafts  will  be 
tested  on  harsh  sites.  Future  alternatives  include 
conversion  of  a  progeny  test  into  a  seedling  seed 
orchard  or  establishment  of  a  clonal  seed  orchard 
from  progeny-test  results.  Ultimately  the  pro- 
gram's genetic  base  may  be  broadened  to  include 
trees  of  known  provenances  now  being  tested. 

The  improvement  programs  of  Great  Britain 
and  Ireland,  similar  in  many  respects,  were  ex- 
panded to  include  approaches  other  than 
provenance-testing  in  about  1960  (Faulkner  1974, 
O'Driscoll  1972).  Both  countries  have  set  aside 
selected  "seed  stands,"  sometimes  thinned  and 
fertilized,  to  ensure  an  adequate,  reliable  supply 
of  seed  of  known  provenance. 

Individual  tree  selection  began  in  the  1960's.  In 
Britain,  663  phenotypically  superior  trees  had 
been  identified  by  1971  and  most  had  been 
grafted  into  a  clone  bank  (A.  M.  Fletcher,  pers. 
commun.,  Jan.  1972).  Most  of  the  select  trees  are 


in  British  stands,  but  a  sizable  fraction  were 
selected  in  Ireland  and  Denmark.  The  first  selec- 
tions were  usually  25  years  or  older,  but  more 
recently  younger  trees  have  been  included.  The 
main  criteria  for  selection  are  stem  straightness 
and  volume  growth.  Selection  intensity  in  these 
planted  stands  has  varied  from  low  to  moderate 
at  the  start  to  much  higher  in  recent  years 
(Faulkner  1974).  By  1970  Britain  had  established 
11.5  hectares  of  grafted  clonal  seed  orchards 
(Faulkner  1974),  and  Ireland  6  hectares  (O'Driscoll 
1972). 

The  first  interprovenance  hybrids  were  pro- 
duced in  Britain  in  1961  (A.  M.  Fletcher,  pers. 
commun.,  Jan.  1972).  This  approach  presents 
fewer  problems  outside  the  native  range  of  a 
species,  where  loss  of  local  adaptedness  is  not  a 
consideration.  Its  potential  is  greatest  in  a  coun- 
try like  Britain,  where  a  considerable  range  of 
provenances  with  quite  different  characteristics 
grow  fairly  well.  The  primary  objective,  combin- 
ing the  better  stem  form  and  greater  windfirm- 
ness  of  slower-growing  interior  and  north-coastal 
provenances  with  the  faster  growth  of  the  poorly 
formed,  unstable  south-coastal  provenances,  was 
partly  fulfilled  by  the  first  coastal  x  interior  hy- 
brids produced  (Forestry  Commission  1976).  More 
ambitious  goals  for  a  crossing  program  among 
provenances  are  suggested  by  the  analyses  of 
shoot-growth  components  done  by  Cannell  and 
his  associates.  They  concluded  that  maximum 
gains  in  height  growth  are  unlikely  to  be  achieved 
by  selection,  either  between  or  within  prove- 
nances, because  the  most  important  components 
of  shoot  growth  do  not  occur  together  naturally 
(Cannell  and  others  1976).  These  components  in- 
clude: initiation  of  apical  growth  early  in  the 
growing  season  (northern  and  interior  prove- 
nances), cessation  of  apical  growth  late  in  the 
season  (south-coastal  provenances),  rapid  rates  of 
lateral-appendage  production  (many  coastal  prov- 
enances), and  long  internodes  (some  interior  prov- 
enances). The  eastern  Washington  x  south- 
coastal  British  Columbia  hybrids  studied  by  Can- 
nell and  Willett  (1975)  — apparently  among  the 
earliest  interprovenance  hybrids  produced  in 


17  Steinhoff,  R.  J.  1974.  Work  plan  for  a  lodgepole  pine  im- 
provement program,  prepared  for  Region  1  USFS.  Intermt. 
For.  and  Range  Exp.  Stn.,  Moscow,  Idaho. 
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Britain  — successfully  combined  some  of  these 
characters  and  equalled  a  fast-growing  Oregon- 
coast  provenance  in  needle  production. 

In  Scandinavia  and  Finland,  where  lodgepole 
pine  does  well  on  good  sites  in  some  regions, 
three  contrasting  approaches  have  been  taken  to 
genetic  improvement.  In  Norway,  where  con- 
siderable information  is  available  from  prove- 
nance testing,  seed  has  been  imported  from  10 
selected  stands  in  northern  British  Columbia 
(Dietrichson  1976).  Progeny  of  these  stands  will 
be  planted  in  large  blocks  on  many  sites,  and  in- 
dividual tree  selection  will  be  done  in  the  planta- 
tions. The  British  Columbia  seed  will  also  be  used 
to  establish  seedling  seed  orchards. 

A  selection  program  in  Finland  is  based  on 
mature  trees  in  older  provenance  tests.  Although 
these  tests  were  mostly  confined  to  Alberta  and  a 
limited  area  in  southern  British  Columbia,  it  has 
been  concluded  that  the  provenances  suited  to 
Finnish  conditions  are  relatively  well  known 
(Tree  Breeding  Committee  [Finland]  1976).  By 
1971,  236  trees  representing  eight  known  prove- 
nances had  been  selected  in  southern  Finland 
(Von  Weissenberg  1972).  Many  were  propagated 
in  1972,  and  both  seedling  and  grafted-clonal  seed 
orchards  have  been  established.  Selection  is  con- 
fined to  disease-free  stands  with  good  growth  and 
form,  and  standards  are  high:  in  comparisons  with 
20  dominant  trees  in  the  stand,  selection  differen- 
tials are  5  to  10  percent  in  height  and  25  to  33  per- 
cent in  volume.  Recent  provenance  tests  are 


mostly  planted  in  northern  Finland,  but  height 
growth  of  one  8-year-old  test  of  IUFRO  prove- 
nances in  southern  Finland  indicated  that  the 
best  Canadian  provenances  are  near  55° 
latitude  — farther  north  than  most  provenances  in 
the  older  tests  (Foundation  for  Forest  Tree 
Breeding  1977,  Hahl  1978). 

In  contrast  to  the  Finnish  approach  of  em- 
phasizing trees  that  have  grown  to  maturity 
within  the  country,  two  companies  in  Sweden 
(Swedish  Cellulose  Company  and  Stora  Kop- 
parberg),  in  cooperation  with  the  University  of 
British  Columbia  and  several  government  agen- 
cies, have  selected  phenotypically  superior  trees 
in  northern  British  Columbia  and  the  Yukon  for 
use  in  central  and  northern  Sweden.  Select  trees 
were  in  high-quality,  disease-free,  accessible 
stands,  mostly  more  than  50  years  old.  Between 
1970  and  1974,  cones  and  scions  were  collected 
from  184  selected  and  felled  trees,  and  grafting 
was  done  in  both  Sweden  and  British  Columbia 
(Hagner  1971,  Sziklai  1976).  The  clonal  seed  or- 
chards in  Sweden  should,  at  a  minimum,  produce 
seed  of  provenances  that  are  better  matched  to 
Swedish  conditions  than  the  more  southern  Cana- 
dian provenances  in  older  Swedish  tests. 
Whether  progeny  grown  in  Sweden  from  parents 
selected  in  Canada  will  also  incorporate  an  incre- 
ment of  genetic  gain  from  phenotypic  selection 
has  been  questioned  by  other  Swedish  workers 
(Ekberg  and  others  1972). 
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The  genetics  and  reproductive  biology  of  lodgepole  pine  are  reviewed,  with 
emphasis  on:  wide  distribution  and  occurrence  in  ecologically  extreme 
habitats,  relatively  small  size  and  short  life,  great  dispersal  ability,  oppor- 
tunistic role  after  deglaciation  or  forest  fires,  differentiation  into  several 
distinct  but  interfertile  races,  influence  of  introgression  from  jack  pine,  and 
suitability  of  some  races  for  use  in  short-rotation  plantations.  Improvement 
programs  in  North  America  are  just  beginning;  in  northwestern  Europe  and 
elsewhere  the  primary  objective  of  improvement  is  the  choice  of  suitable 
provenances. 
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